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ABSTRACT 
 
Substrates with localized, organic radicals have the ability to attack ‘inert’ 
surfaces to form covalent bonds between the substrate and an atom at the surface. These 
radicals can be generated in electrochemical experiments with substrates bearing an 
electroactive moiety. The moiety after oxidation (loss of an electron) or reduction (gain 
of an electron) generates the active radical. Electron transfer reactions at an electrode 
surface generate a high population of these radicals, thereby facilitating attachment. 
 
 The electrochemical oxidations of compounds containing terminal alkynes and 
alkenes were found to be effective methods for covalent attachment to glassy carbon, 
gold, and platinum electrodes. Modified electrodes were studied for their fundamental 
electrochemistry with an emphasis on organometallics at the surface and to determine the 
effect of weakly coordinating anions in heterogeneous electrochemistry. Ferrocene, 
Fe(η5-C5H5)2, was employed predominantly in this research, as it has robust neutral and 
cationic states, making it a superior electron transfer agent. A number of other 
compounds prominent in organometallic electrochemistry, such as ruthenocene (Ru(η5-
C5H5)2), cymantrene (Mn(η
5
-C5H5)(CO)3), cobaltocenium ([Co(η
5
-C5H5)2]
+
), and 
benzene chromium tricarbonyl (Cr(η6-C6H6)(CO)3), were also studied at modified 
surfaces. 
 
A novel method was developed employing the anodic oxidation of ethynyl-
lithium compounds to modify electrodes.  Oxidation of the carbon-lithium bond leads to 
an alkyne radical and the loss of lithium ions to solution. The desired radical can be 
formed either by intramolecular electron-transfer mediation by pendant ferrocenium ions 
or by the direct oxidation of the ethynyl-lithium bond. These experiments successfully 
led to the appearance of new surface waves at the electrode. The new surface waves were 
assigned to the parent molecule of interest based on its electrochemical properties, i.e. its 
potential, and the electrochemical and chemical reactivity of the redox process.  
 
A second general method was developed for terminal alkynes and alkenes which 
eliminated the need for chemical pre-treatment and lithiation of the alkyne. The direct 
oxidation of unsaturated carbon-carbon bonds at higher potentials forms the active radical 
after loss of a proton. The direct oxidation was extended to the organic compound, 
tetraphenylporphyrin. Porphyrins are a widely used molecular scaffold in naturally 
occurring compounds such as chlorophyll and heme, and can be applied in optics and 
electronics due to their intense optical properties.  
 
These two approaches hold promise as general anodic methods for electrode 
modification, and for applications in chemical analysis and catalysis.  
 ii 
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Chapter 1: Introduction to Electrode Modification 
 The goal of my graduate research has been to develop new electrode 
modification techniques and to apply these methods to the study of organometallic 
electrochemistry. Electrode modification encompasses the numerous methods for altering 
an electrode’s surface by the addition of molecular layers. Here, electrode modification 
was pursued using covalent attachment strategies involving the formation of a chemical 
bond between the electrode and a substrate from solution. New covalent attachment 
strategies were achieved from the oxidation of ethynyl-lithium compounds and the 
oxidation of terminal alkynes and alkenes onto glassy carbon, gold, platinum, and indium 
tin oxide electrodes (Scheme 1-1). These are promising methods for the incorporation of 
numerous organic and organometallics molecules for consideration in future electrode 
modification experiments. 
 
Scheme 1-1 
 To introduce the work, types of electrode modification and uses for modified 
electrodes will be discussed with a focus on methods with molecular level control and 
covalent attachment to electrode surfaces. Next, covalent attachment (Scheme 1-2, i), 
organo-lithium electrochemistry (ii), and organometallic electrochemistry (iii)—topics 
pertinent to the methods described here—will be discussed. The design of the two 
modification methods developed here are outlined last (iv/v).  
 2 
 
Scheme 1-2 
1.1 Electrode Modification 
 Electrode modification is used to alter an electrode ascribing it with more 
desirable chemical properties. During electrode modification, an electrode’s surface, the 
interface for electron transfer between the electrode and solution, is chemically altered 
 3 
with a new material (Figure 1.1).
1
 Alterations of the surface with adsorbed species or 
with polymer films are conventional methods to achieve this goal. This technology has 
been applied extensively in materials science in the development of films for protection 
against corrosion and oxidation, and selective membranes in sensors and fuel cells 
technology.
2
 In addition, chemical alteration leads to changes in the electron transfer 
properties of the electrode relevant to applications in electrocatalysis, electron-transfer 
mediation, and fundamental studies of electron transfer and redox-surface chemistry.  
 
Figure 1.1 A) An electrode transferring electrons to and from ferrocene in solution and in B) An electrode 
modified with a layer of alkane thiols 
1.1.1 Types of Electrode Modification 
The binding of molecules at an electrode can be in the form of a chemical bond, 
adsorption of compatible functional groups, or an insoluble material that has been coated 
on to the electrode. There are a variety of methods to achieve these different binding 
motifs. Adsorption can be obtained by suspending a suitable surface in a solution of 
compounds having appropriate functional groups. Covalent attachment can be obtained 
either by chemical or electrochemical treatment. These typically involve harsh chemical 
conditions or radical chemistry to modify the surface. Ways of applying polymer films to 
 4 
surfaces include spin-coating, doctor blading, screen printing, inkjet printing, and 
electropolymerization.
 2,3
   
To study organometallic electrochemistry at electrode surfaces, surface coverage 
at the molecular level is of interest. At this level, the interface between the surface and 
substrate is most intimate and alterations of the electrode have the most influence. 
Examples of methods which achieve this control are alkane thiol adsorption on gold,
4
 
adsorption of carboxylic acid on metal oxide surfaces,
5
 and the covalent attachment of 
nitrobenzene to a glassy carbon surface (Scheme 1-3). These methods have different 
strengths and weaknesses, which are reviewed next. 
 
Scheme 1-3 
1.2 Molecular Level Attachment 
 Thiols on gold are attractive due to the straight-forward modelling of the well-
ordered monolayer and ease of formation.
6
 The order is a result of van der Waals 
interactions between the alkyl chains.
7
 This is important in fundamental studies of surface 
redox chemistry and in applications of nanotechnology.
4
 The drawback of this method is 
its weak substrate to surface bond. The strength of the interaction between the gold 
surface, thiol head group, and ordering in the alkyl chain is typically less than 40 kcal.
4,8
 
 5 
As well, thiols are prone to chemical attack and reductive desorption from the gold 
surface.
9
 
 Carboxylic and phosphonic acids share a similar ease of formation on to metal 
oxide surfaces. Here, the acid head group binds more favorably forming a stronger 
substrate to surface bond. The bond strength between phosphonic acids and titanium 
dioxide is roughly 50-80 kcal/mole.
10
 This interaction, however, lacks the intermolecular 
forces present in the alkyl chains of thiols on gold and has multiple binding modes to the 
surface (Scheme 1-4).
11
 This makes these surfaces unsuitable for fundamental studies. 
The interaction of the acid with the oxide surface is also prone to hydrolytic attack 
lowering the stability of these surfaces over time.
12
 Nevertheless, the strength of the 
bond, ease of formation, and electron accepting property of the acid group are important 
in dye sensitized solar-cells, a field in which acid functional groups are the universal 
choice for attachment.
13
 
 
Scheme 1-4 
 The covalent attachment of a substrate to an electrode was first obtained using 
reaction chemistry and the silanization of oxidized surfaces.
1
 Following silanization, 
coupling reactions could be performed to add the molecule of interest to the surface 
(Scheme 1-5). Examples of this methodology are still found today, though it is a less 
 6 
frequent form of attachment.
12b,14
 The oxidized surfaces required for this chemistry also 
participate in adsorption attachment methods with acid groups. The adsorbed films are 
more conveniently prepared and eliminate the need for an initial surface treatment and 
unwieldy reactions involving surfaces refluxed in the presence of silanes. 
 
Scheme 1-5 
 Covalent attachment using radical chemistry has been developed recently and is 
employed commonly with carbon and silicon surfaces. These surfaces do not have 
analogous methods of adsorption, as is the case for gold and oxidized metal surfaces. In 
covalent attachment, an appropriate functional group undergoes electron transfer with the 
electrode surface generating radicals close to the electrode. This close proximity 
facilitates radical attack to an atom on the surface to form a covalent bond (Scheme 1-6). 
The bond formed in this way is superior to the previous adsorption methods. The bond 
strength is greater (> 100 kcal/mole for C-C bonds) and the covalent nature makes it 
resistant to further chemical reactions. A popular approach to perform this chemistry is 
 7 
with the reduction of diazonium salts shown in Scheme 1-6. This reaction will be 
discussed in greater detail in Section 1.3. 
 
Scheme 1-6 
 The more difficult attachment procedure involving electrochemical and/or 
chemical treatment has made covalent attachment the most underrepresented method in 
electrode modification. Nevertheless, the advantages of covalent attachment, the 
continued development of methods to perform this chemistry, and the current challenges 
in chemical research, many involving elements of electrode modification, make research 
in covalent attachment methods an exciting field to follow in the coming years. 
1.2.1 Uses of Electrode Modification Today with Examples of Covalent 
Attachment 
 The field of electrode modification as a whole has grown dramatically since the 
start of the new millennium. This growth is illustrated in Figure 1.2, which shows the 
number of references for electrode modification over those years. This popularity is due 
to chemically modified electrodes being commonly employed in the fields of biological 
sensing, molecular junctions and electronics, energy conversion reactions, fuel cells, and 
branches of materials science.
15,16,17
  
 8 
 Covalent attachment strategies in particular have recently been applied in 
chemical
18
 and electrochemical catalysis
19
, sensors,
20
 molecular junctions
21
 and 
molecular electronics.
22,23
 The first application of covalent attachment was to prepare a 
biological sensor through the immobilization of glucose oxidase on a carbon surface in 
order to perform enzymatic electrocatalysis.
24
 This remains an area of great interest in the 
field today.
15,25
  
 
Figure 1.2 Number of SciFinder references for “electrode modification” over the past 14 years 
 Applications of electrode modification are particularly active in the field of 
energy research.
26
 This includes the study of CO2 reduction, O2 reduction, H2 production 
and oxidation, and water oxidation. The immobilization of heterogeneous or homogenous 
catalysts leads to more efficient electron transfer rates and overpotentials which can only 
be otherwise achieved with expensive coinage metals such as gold and platinum.
27
 The 
immobilization of molecular catalysts onto electrodes is particularly attractive, as it 
combines the advantages of homogeneous chemistry (selectivity and well-defined 
reactions) with those of heterogeneous chemistry (ease of recovery and separation).
28,29
 
 9 
 The greater bond strength and chemical resistance of covalent attachment make 
these methods suitable for the harsh conditions employed in energy conversion reactions.  
Shown in Scheme 1-7 are two recent examples of this technology: iron phthalocyanine 
catalyzing oxygen reduction
30
 and an iridium complex acting as a water oxidation 
catalyst (WOC)
19
. Of note, the iron phthalocyanine modified electrode achieved better 
performance than the commercial Pt/C catalyst for the oxygen evolution reaction (OER). 
 
Scheme 1-7 
 Another option for electrode modification in energy research is with ruthenium 
polypyridyl complexes. Their photochemistry is unique in that they have a long-lived 
triplet excited state with significant metal to ligand charge transfer (Scheme 1-8) making 
the excited complex both a powerful oxidant and powerful reductant.  
 10 
 
Scheme 1-8 
 The ruthenium polypyridyl complexes of this type are widely used as photo-
electrochemical redox mediators and electrocatalysts.
31
 As well, they comprise the key 
component for the leading dyes in dye-sensitized solar cells and dye-sensitized 
photoelectrosynthesis cells.
32
 While these complexes can be easily attached to metal 
oxide surfaces with carboxylic or phosphonic acid anchoring groups, alternative 
strategies to covalently attach these complexes may provide greater electrode 
stability.
33,34
 The limitations associated with the acid-anchoring group have begun to 
emerge as dye-sensitized solar cell technology approaches commercial viability.
35,36 
The 
acid groups are sensitive to displacement with water and hydroxide ions making them 
unsuitable not only for energy reactions performed in aqueous solutions, but with 
adventitious moisture over the lifespan of the solar cell even in a non-aqueous solvent. 
Covalent attachment is one of the many advances being pursued to stabilize the 
complexes at the surface.
35,37
 
 Stahl and Hamers at the University of Wisconsin-Madison have devised a 
strategy for the covalent attachment of ruthenium polypyridyl complexes to carbon 
surfaces using ‘click’ chemistry.38  A hydrogen-terminated diamond surface was 
 11 
modified with a monolayer of the azide functional group (top half of Scheme 1-9) 
allowing for ‘click’ chemistry with a ruthenium complex bearing a terminal alkyne 
(bottom half of Scheme 1-9). This strategy furnished an electrode with the desired 
covalently bound ruthenium polypyridyl complex and is promising for applications with 
a wider array of useful ruthenium complexes.  
 
Scheme 1-9 
 The stability of the modified electrode obtained in this way was impressive. The 
Ru(II/III) couple showed little to no degradation over 1 million potential cycles.
39
 A 
similar strategy has been employed by Sun and co-workers to fix a ruthenium polypyridyl 
complex to an electrode for water oxidation catalysis (Scheme 1-10).
40
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Scheme 1-10 
 An extension of this chemistry by Bullocks and Roberts at the Pacific Northwest 
National Laboratory (PNNL) employs the catalyst-free ‘click’ coupling of lithium 
acetylide to an azide terminated surface. The 1,2,3-triazolyl lithium allows for  the 
coupling of ferrocene to the surface either through salt metathesis with aliphatic halides 
or nucleophilic addition to aldehydes (Scheme 1-11).
41
  
 
Scheme 1-11 
 The ferrocene derivative was chosen to observe the Fe(II/III) redox couple at the 
electrode and confirm modification. This strategy will likely be applied to the 
functionalization of surfaces with the nickel catalysts developed in the DuBois 
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laboratories at PNNL. These catalysts are powerful hydrogen evolution (Scheme 1-12) 
and hydrogen oxidation catalysts.
42,43
 
 
Scheme 1-12 
1.2.2 Performing Reactions at the Surface 
 The ability to perform reactions allowing for the manipulation of molecular 
structure is one of the most powerful tools of chemistry, yet only a limited number of 
reactions have been translated from solution to the surface. The Cu(I)-catalyzed alkyne 
azide coupling (CuAAC) or ‘click’ chemistry used in the methods above has emerged as 
a popular choice for accomplishing surface reactions.
44
 This reaction was first used on 
surfaces in 2004 by Chidsey and co-workers to attach ferrocene to alkane thiol 
monolayers (Scheme 1-13).
45
 Since then, a growing body of work surrounding the use of 
‘click’ chemistry has solidified it as a viable tool in surface chemistry.  In order to 
perform this reaction at the surface, the azide functional group must be first attached to 
the surface. The principal methods used to achieve this are the reduction of diazonium 
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salts,
46
 the reaction of iodine azide with carbon surfaces,
47
 and the irradiation of alkenes 
and alkynes on hydrogen-terminated surfaces.
39,48
  
 
Scheme 1-13 
 The success in translating ‘click’ chemistry to surface chemistry has seemingly 
inspired an impressive amount of new reactions being tested for use in surface chemistry. 
In the past year, a number of strategies using palladium coupling reactions were 
developed that function as suitable means to attach substrates to silicon surfaces (see 
Scheme 1-14).
49
 In addition, Sonogashira and Glaser cross-coupling reactions were 
employed for the first time to install substrates onto carbon surfaces.
50
  
 
Scheme 1-14 
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1.3 Covalent Attachment 
 The functionalities necessary to perform the ‘click’ reactions at the surface were 
installed using covalent attachment techniques. The covalent attachment of molecules 
from solution to surfaces under mild conditions was first recognized by Savéant and co-
workers in 1992.
51
 The method employed was the reduction of aryl diazonium salts 
leading to the formation of an aryl radical after the loss of dinitrogen (left-hand side of 
Scheme 1-15). The carbon radical was found to react and form a bond with an atom on 
the electrode surface. This methodology has been markedly expanded upon and continues 
to serve as a popular tool for chemists.
52
  
 Key elements of this methodology, namely, the formation of a radical 
accompanied by the loss of a good leaving group, has been extended to numerous other 
functional groups. Functional groups used in the formation of covalent bonds include 
amines, carboxylates, alcohols, vinyls, and Grignard reagents.
23
 The functional group 
dictates the mode of generation of the radical, its location, and the type of bond to the 
surface.
53
 Of note, bonds to the glassy carbon electrode (GCE) have been achieved 
exclusively with carbon, nitrogen, and oxygen atoms.  
 
Scheme 1-15 
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 In addition to the strength of the bond formed, covalent attachment is 
advantageous due to the control over surface coverage it allows and the ability to graft to 
many types of surfaces.
54
 Multi-layer formation can be controlled by electrolysis time or 
successive scanning to generate a greater number of radicals. These radicals can attack 
layers already bound to the electrode surface (right-hand side of Scheme 1-15). The high 
reactivity of the radicals allows for extension to other surfaces. For example, the 
diazonium method has been used on highly ordered pyrolytic graphite, graphene, glassy 
carbon, carbon nanotubes, diamond, hydrogenated silicon, AsGa, InAs/GaAs quantum 
dots, precious metals, SnO2, InO2, TiO2, and polymers. The most recent review covering 
the different functional groups, surfaces, mechanisms, and applications of covalent 
attachment can be found in reference 23.  
1.3.1 Covalent Attachment with an Ethynyl Linker 
 The ethynyl group makes an attractive linker due to its structural rigidity and 
efficient electronic communication.
55
 For this reason, alkynes are often installed in 
molecules designed to function as molecular wires.
56
 The reduction of iodonium salts
57
 
and the oxidation of Grignard reagents at hydrogen-terminated silicon surfaces
58
 are 
known to modify surfaces through the alkyne. The drawbacks of the iodonium method 
(top of Scheme 1-16) are the necessity for complex synthesis and the low activity of the 
grafting procedure which results in lower surface coverage. The alkyne radical is 
generated at a negative potential sufficient to reduce it back to the inactive alkyne anion.  
The drawback of the oxidation of Grignard reagents (bottom of Scheme 1-16) is the 
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requirement of a specialized surface and the high concentration of reagents. For this 
reason, the method has not been extended past commercial Grignard reagents.  
 
Scheme 1-16 
1.3.2 Mechanism of the Oxidation of Grignard Reagents 
 The mechanism for the electrografting of Grignard reagents onto silicon surfaces 
has been studied extensively. In covalent attachment methods, the means by which 
radicals in solution form bonds with the electrode is poorly understood and is often 
accepted in terms of the properties bestowed upon the reactivity of radicals. The surfaces 
used commonly in covalent attachment studies, namely glassy carbon (100%C), gold, and 
platinum, do not have characteristic spectroscopic signals that allow for the detection of 
alterations at the surface. In the case of hydrogenated silicon, monitoring the Si-H 
vibration versus charge consumed has allowed for the mechanism of attachment to be 
determined.
59
 The bond formation occurs following hydrogen abstraction by the first 
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solution radical, then a radical recombination of a surface radical with a second solution 
radical (bottom of Scheme 1-16).  
1.3.3 Surfaces for Covalent Attachment 
 Glassy carbon, platinum, and gold are prominent in electrochemistry because 
they are often thought to be ‘inert’. In electroanalysis, an inert electrode is important to 
prevent reactions with the solution analyte leading to poorly behaved or irreproducible 
electrochemistry. These surfaces are robust to the study of radical chemistry and have 
replaced mercury electrodes and dropping mercury electrodes (DME), in particular, in 
routine electrochemistry. The DME consists of a capillary filled with flowing mercury, 
producing a fresh droplet at the tip for each measurement. The advantage of this setup is 
that a fresh electrode surface, free of adsorbed analyte, is generated in each measurement. 
However, there are significant negatives associated with the use of mercury electrodes. 
Not only is mercury toxicity a concern, but the metal itself is easily oxidized, restricting 
its use for anodic reactions. For these reasons, Hg has been largely supplanted by more 
“inert” metals for routine electrochemical work, a change that makes electrografting to 
their surfaces a challenge. 
 The term ‘inert’ is especially accurate in describing glassy carbon, a surface that 
has little to no affinity for most common functional groups. This inertness may explain 
the many years that passed before researchers were successful in modifying anything to 
this surface under mild conditions.
60
 Electrode modification, even for gold and platinum, 
was well-established before diazoniums were found to react with glassy carbon in 1992.
51
 
The necessity to generate a radical to perform deposition is consistent with the overall 
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inertness of the glassy carbon electrode. Therefore, methods described as ‘general’ in 
covalent attachment are often tested against glassy carbon and are favored for their 
impressive reactivity which often extends to a wide variety of surfaces. The glassy 
carbon, gold, and platinum surfaces will be used here and will be shown to be suitable 
substrates for covalent attachment with both ethynyl-lithium oxidation and the direct 
oxidation of alkynes and alkenes. 
1.4 Organo-lithium Electrochemistry 
 The first method developed here involving ethynyl-lithium compounds arises in 
a field where there currently exists minimal literature on the relevant topic of organo-
lithium electrochemistry. The difficulty associated with handling these highly reactive 
species is likely a significant barrier to the work. The most detailed study of organo-
lithium electrochemistry was done by Breslow and co-workers in the 1970’s to determine 
the basicities of benzyl, allyl, and tert-butylpropargyl anions.
61
 The electrochemistry was 
performed in tetrahydrofuran (THF) with lithium perchlorate, Li[ClO4], as the electrolyte. 
THF has a high pKa and effectively solvates lithium species, making it a suitable choice 
for the electrochemical solvent. Hexamethylphosphoramide (HMPA) was also used as a 
co-solvent, and various tests were performed in the solvent mixtures at different 
temperatures. HMPA, in addition to being an excellent solvent for electrochemistry, 
solvates lithium very effectively, making it useful for reducing clustering and ion pair 
formation in the lithium analyte.  
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 The above compounds have irreversible oxidations at quite negative potentials, 
consistent with their rich electron density.
62
 The potentials for oxidation are -1.45, -1.40 
and -0.79 V vs a saturated calomel electrode (SCE) for benzyl, allyl and tert-
butylpropargyl lithium, respectively.  
 tert-Butylpropargyl lithium was prone to significant shift in potential depending 
on the experimental conditions. A positive shift of 500 mV was observed when going 
from 25 
o
C to -62 
o
C and a negative shift of 650 mV occurred at 25 
o
C after changing the 
composition of HMPA in solution from 1.5% to 30%. These extreme shifts in the 
potential of the analyte, along with the observation of multiple waves in the voltammetric 
scans, suggest a complicated dynamic of the lithium species as clusters and/or contact 
and solvated ion pairs.
63
 Interestingly, tests in the anodic oxidation of n-butyl lithium, 
methyl lithium, vinyl lithium, and phenyl lithium led to rapid electrode fouling. Such 
fouling is often observed in covalent attachment experiments as the layering of material 
at the electrode leads to passivation, i.e., a loss of current between the electrode and the 
solution species (Scheme 1-17). 
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Scheme 1-17 
 The electrochemistry of lithium phenylacetylide, PhC2Li, was studied by Wendt 
and provides a relevant example of the electrochemistry for ethynyl-lithium 
compounds.
64
 The oxidation potential for lithium phenylacetylide was determined to be 
0.99 V vs Ag/AgCl in the same media used in Breslow’s work. The more positive 
potential for the oxidation of the acetylide is due to the ‘sp’ character of the highest 
occupied molecular orbital (HOMO) of the anion and radical orbitals. The sp orbital’s 
greater ‘s’ character places the negatively charged orbital closer to the nucleus in the 
anion, lowering its energy. In the case of the radical, an electron-deficient orbital, its sp 
orbital has a repulsive interaction with the nucleus leading to a higher energy orbital. 
Along with the lack of hyperconjugation for an sp orbital, the large energy gap between 
the anion and the radical results in a drastically more positive oxidation potential for the 
anion in lithium phenylacetylide.  
 The irreversible oxidation of PhC2Li was targeted for its synthetic use to form 
dimers. Flow chemistry was used to reduce the amount of polymerization formed during 
the electrolysis, but only a 40% yield of dimer could be obtained. The authors stated: 
“Although it is shown in this investigation that anodic diacetylene formation by 
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acetylide-anion oxidation is possible in principle, this reaction seems to possess very 
limited applicability.”64 Study of the oxidation of lithium phenylacetylide has not been 
revisited since. 
 Beyond the works of Breslow
61
 and Wendt
64
, the electrochemistry of lithium 
acetylides has been investigated for materials applications. The oxidation of lithium-
acetylide is an excellent source of carbon, leading to the formation of diamond-like 
carbon films upon anodic oxidation.
65
 The formation of the diamond film, remarkably, is 
possible at room temperature and mild potentials. The oxidation of lithium acetylide is 
irreversible and is found at ca. 1 V vs Ag/AgCl in various media consistent with the 
potential for lithium phenylacetylide.
65a
 This research has largely dealt with the 
characterization of the resultant diamond-like carbon films. Nevertheless, the research is 
worth mentioning, as it is fascinating means to fabricate diamonds under mild conditions, 
an alluring possibility given the high cost of diamonds and the geological extremes 
necessary to form them.
66 
 
1.5 Organometallic Electrodes 
 The production of organometallic electrodes is an emerging field of research. A 
brief history for the study of covalently-attached organometallic surfaces will be given, 
and examples from the ethynyl-lithium method developed here will be supplied. An 
organometallic electrode using a single-step covalent attachment procedure was not 
described until 2005.
67
 Work in the Geiger laboratory showed that a cobaltocenium 
diazonium complex could be grafted onto an electrode surface, as shown in Scheme 1-18. 
The observation of a reduction wave of cobaltocenium on the modified electrode 
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indicated the presence of cobaltocenium at a molecular site at the surface. Reversible 
electron transfer is a general characteristic of the cobaltocenium ion and similar 
“sandwich” structures such as ferrocene, where the metal-based radical is protected by 
two cyclopentadienyl rings.  In the cobaltocenium case, a reversible one-electron 
reduction gives the reasonably stable neutral 19 e
-
 radical cobaltocene. The potential of 
this reduction is -1.32 V vs ferrocene in THF/ 0.1M [Bu4N][PF6].
68
 
 
Scheme 1-18 
 Cobaltocenium modified electrodes were obtained in the present work by the 
ethynyl-lithium method developed here (Chapter 5). Ethynyl-cobaltocenium was attached 
to a glassy carbon electrode and a cyclic voltammagram (CV) displaying the reversible 
reduction wave for cobaltocenium is shown in Figure 1.3. As the electrode is scanned to 
more negative potentials (the scan direction is indicated by the arrows) the reduction (+ e
-
) of cobaltocenium to cobaltocene appears and when the potential is switched returning to 
more positive potentials the re-oxidation (- e
-
) wave back to cobaltocenium is observed. 
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Figure 1.3 CV of an electrode modified with ethynyl cobaltocenium in THF/ 0.1M [Bu4N][PF6]; 2 mm 
GCE, ν = 0.4 V/s 
1.5.1 Ferrocene Electrode 
 The stability of the ferrocene/ferrocenium, Fe (II/III), couple is well-
documented making ferrocene the most popular organometallic redox agent.
69,70
 
Ferrocene is also prominent in other research fields, and its chemical reactivity at the Cp 
rings
71
 has remained a popular field of study. For instance, ferrocene derivatives are 
increasingly being used in medicinal chemistry, with derivatives such as ferroquine (see 
below) having powerful anti-malarial activity.
72,73
  In addition, ferrocene is an important 
electron-transfer mediator
15,74
 and has been the subject of a significant portion of the 
fundamental studies of electron transfer on modified electrodes.
75
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 The first instance of direct covalent attachment of ferrocene to an electrode was 
accomplished by González and co-workers in 2012 using the carboxylate oxidation 
method.
76
 The method was also carried out with distal carboxylate moieties at the 
cyclopentadienyl ring with ferroceneacetate and ferroceneheptanoate. The mechanism of 
action is the decarboxylation of the acid induced by intramolecular oxidation of the 
electrochemically generated zwitterionic complex leading to the formation of a carbon 
radical and loss of carbon dioxide (Scheme 1-19).  
 
Scheme 1-19 
 A ferrocene redox couple at the surface is shown in Figure 1.4 obtained from the 
oxidation of lithio-ethynyl ferrocene (Chapter 3).  
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Figure 1.4 CV of an electrode modified with ethynyl ferrocene in DCM/ 0.1M [Bu4N][PF6]; 2 mm GCE, ν 
= 0.5 V/s 
1.5.2 Cymantrene Electrodes 
 In addition to compounds with stable redox couples, organometallics with 
reactions induced by electron transfer, such as dimerization and substitution, can be 
studied at the electrode surface. In one instance, the diazonium method was extended to 
the classic piano-stool complex cyclopentadienyl manganese tricarbonyl or cymantrene, 
(MnCp(CO)3).
77,78
 Recently, the cymantrene radical cation in homogeneous solution was 
shown to have superior stability when generated in the presence of a weakly coordinating 
anion (WCA) such as the tetrakis(perfluorophenyl)borate, TFAB, anion, allowing for full 
spectral characterization of the radical cation.
79
 In addition to reversible electron transfer, 
the cymantrene cation is known to undergo substitution reactions with donor ligands 
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leading to mono- or disubstituted products.
80
 This type of substitution process can also be 
achieved by thermal means or with photochemistry (Scheme 1-20).  
 
Scheme 1-20 
 The heterogeneous example of this reaction was studied in the Geiger laboratory 
with triphenyl and trimethyl phosphite ligands (Scheme 1-21).
81
 Monosubstitution was 
observed with the bulkier triphenyl phosphite and disubstitution with the smaller cone 
angle ligand trimethyl phosphite (Scheme 1-21). This reactivity mirrors what has been 
observed in solution.
82
 
 
Scheme 1-21 
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 This substitution chemistry was studied further using the attachment methods 
described here with the piano-stool complex benzene chromium tricarbonyl which 
imitates some of the same chemistry as cymantrene.
83
  
 
Figure 1.5 CV of an electrode modified with propargylbenzene chromium tricarbonyl in DCM/ 0.05 M 
[Bu4N][TFAB]; 2 mm GCE, ν = 0.5 V/s 
1.5.3 Other Organometallics 
 Finally, the anodic oxidation induced dimerization of ruthenocene (Ru(C5H5)2) 
and cyrhetrene (Re(C5H5)(CO)3) were studied at electrode surfaces. Study of the 
dimerizations of ruthenocene
84
 and cyrhetrene
85
 (Scheme 1-22) have recently been made 
possible by the use of WCAs. 
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Scheme 1-22 
 The weakly coordinating anion allows for the study of these compounds on the 
bulk electrolysis time scale (around 30 minutes) as opposed to the cyclic voltammetry 
experiments (CV) time scale of approximately 10 seconds. This has allowed for the full 
characterization and reactivity of these highly reactive 17 e
-
 species. The traditional 
lower-coordinating electrolytes [BF4]
-
 and [PF6]
-
 are inferior, as they promote 
nucleophilic decomposition of these species on the bulk electrolysis time scale or 
promote further multi-electron transfer leading to the decomposition on the CV time 
scale. The latter effect is depicted at the top in Scheme 1-23. The ruthenocenium salt with 
[PF6]
-
 as the electrolyte undergoes a second electron transfer to form a Ru(IV) 
intermediate leading to reactions with the solvent or electrolyte to form halide or hydride 
species.
86
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Scheme 1-23 
 The TFAB anion’s size (Scheme 1-24) and delocalized charge density make it 
an innocent electrolyte anion ideal for use in organometallic electrochemistry.
87
 The 
study of WCAs remains active in the Geiger laboratory and their use is prominent with 
the modified electrodes studied here. The WCAs are a new class of anions which have 
not yet been studied with electrode surfaces. 
 
Scheme 1-24 
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1.6 Electrode Modification by the Anodic Oxidation of Ethynyl-Lithium 
Compounds 
 The reduction of diazonium salts is the most popular covalent attachment 
method. The problem of diazonium chemistry for molecules with accessible oxidation 
states, however, precludes many desirable compounds, including ferrocene from 
consideration. For compounds bearing an electroactive moiety, intramolecular oxidation 
by the diazonium group leads to rapid decomposition in solution.  
 The lack of data in the field of organo-lithium electrochemistry, along with 
evidence for electrode fouling, encouraged us to proceed with lithio-activation towards a 
general oxidation-based method for covalent attachment. Lithio-activation was thought to 
be a means of forming an oxidizable carbanion having a competent leaving group in the 
lithium ion. Following oxidation and loss of lithium the desired carbon radical would be 
formed (see below) leading to radical attack at the surface and electrode modification.  
 
 The initial choice of lithio-ferrocene as the substrate (left side of Scheme 1-25) 
evolved to that of lithium-ethynyl ferrocene (right side of Scheme 1-25). This change 
provided a more acidic hydrogen for rapid access to the alkyl-lithium species. 
 
Scheme 1-25 
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 The installation of a terminal alkyne at the Cp ring gives access to a proton with 
a pKa of approximately 26 that can be readily accessed by n-butyl lithium. Due to the 
large thermodynamic driving force, the terminal alkyne reacts rapidly with the lithium 
reagent, forming the desired lithium acetylide in moments in contrast to the hours 
necessary for lithioferrocene.
88
 The lithium acetylide can then be transferred immediately 
to the electrochemical solution for analysis.  
1.6.1 Lithium Acetylide Species 
 Lithium acetylides exist frequently as mixtures of dimers and tetramers
89
 (as 
shown below) and form contact ion pairs even in the presence of excess HMPA.
90,91
 The 
nature of lithium acetylide in solution has potential ramifications in the electrochemistry, 
where the thermodynamics of the clustering and electron transfer properties will affect 
peak position and charge transfer rates. For simplicity, the lithium acetylide species will 
be described as the monomer.  
 
1.6.2 Mechanism of Attachment 
 The anticipated mechanism for attachment is described in Scheme 1-26. The 
lithium acetylide is oxidized to form the alkyne radical, with loss of lithium ion leading to 
a reaction with an atom at the surface to form the modified electrode.  
 33 
 
Scheme 1-26 
1.6.3 Experimental Procedure 
 To begin this investigation, a solvent-electrolyte solution similar to that used by 
Breslow
61
 and Wendt
64
 (THF, Li[ClO4], at low temperature) was tested  with glassy 
carbon, gold, and platinum electrodes. Substrates bearing a terminal alkyne and 
ferrocenyl moiety were tested first to observe the ferrocene redox couple at the electrode. 
Following lithiation of the substrate with n-BuLi, the lithio-analyte was added to the 
electrochemical cell, and the electrode was scanned to positive potentials sufficient to 
oxidize the lithium-acetylide moiety. Scanning into the oxidation wave(s) for lithium-
acetylide would then furnish a modified electrode following the proposed attack of the 
alkyne radical at the surface. The electrode is then removed from solution, rinsed, and 
sonicated in aqueous and non-aqueous solvents to remove any loosely bound material. 
The electrode is then tested in fresh electrochemical solutions (Scheme 1-27).  
 If the electrode is modified, the ferrocene moiety will be observed in the CVs of 
the solution. The surface wave can be distinguished from the solution analyte wave by 
several benchmarks in its electrochemical properties, including its characteristic shape 
(see Figure 1.6) and its response to CV scan rate. These diagnostics will be discussed in 
due course. 
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Scheme 1-27 
 
  
Figure 1.6 CVs of A) homogeneous analyte and a B) heterogeneous analyte or modified electrode 
 This approach was used to test a number of ferrocene derivatives and 
organometallics having cobaltocenium, arene chromium tricarbonyl, and cymantrene 
moieties (Scheme 1-28) in electrode modification experiments. All of the compounds 
were successfully modified using this method.  
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Scheme 1-28 
1.7 Electrode Modification by the Direct Oxidation of Terminal Alkynes and 
Alkenes 
 The success of the oxidation of ethynyl-lithium compounds demonstrated the 
utility of alkynes as a moiety capable of forming bonds between solution substrates and 
the electrode. It was desirable for some applications to eliminate the chemical pre-
treatment of the alkyne with n-butyl lithium, thereby making the modification 
experiments less sensitive to drying conditions and avoiding the need for low 
temperatures. Attempts to use bases such as triethylamine (TEA) to induce a loss of 
proton upon oxidation of ethynyl ferrocene were unsuccessful. Using other common 
acetylide species suffers from issues of low solubility in the case of sodium, copper, and 
silver acetylides, and the necessity of going through the lithium acetylide in the case of 
zinc. Around this time, it was discovered that the oxidation of the alkyne could be 
obtained directly without chemical activation by applying a more positive potential to the 
substrate.  
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 Wendt had previously studied the direct oxidation of terminal alkynes and found 
them to have irreversible multi-electron oxidations at positive potentials between 1.74 
and 2.4 V vs SCE.
92
 Tests with ethynyl ferrocene showed that, at the more positive 
potentials, the second oxidation of ethynyl ferrocenium was accessible and the acetylene-
based radical could be formed.
93
 Electrodes submitted to the irreversible oxidation of the 
alkyne gave the appearance for new surface waves in fresh electrochemical solutions. 
The proposed mechanism for the modification is similar to that of ethynyl-lithium 
oxidations save for the replacement of lithium ion with a loss of proton (Scheme 1-29). 
 
Scheme 1-29 
 The modification procedure can also be extended to alkenes, in which a similar 
mode of attachment is envisioned (Scheme 1-30).
94
  
 
Scheme 1-30 
1.8 Conclusion 
 The field of organometallics attached directly to an electrode surface has been 
rapidly expanding since the first report in 2005.  This small but emerging field saw over 
30 publications over the past year, mostly in high impact journals including papers in 
Nature Chemistry and Nature Communications. The interested reader will find many of 
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these papers in the reference section following this 
chapter.
18,19,20,21,22,28,30,33,34,38,39,40,41,49,50
  
The dominance of ‘click’ chemistry to furnish electrodes with organometallics is 
understood, first, in terms of the confidence for translating this robust chemistry to 
surfaces and, second, in the difficulty of applying direct covalent attachment chemistry to 
electroactive organometallic complexes. The methods described in this Dissertation 
allow, for the first time, a direct modification procedure for a broad range of 
organometallic complexes. These methods allow for the consideration of ferrocene and 
molecules with accessible oxidations in direct covalent attachment for which the 
diazonium method is unsuitable. 
 The oxidation of molecules with ethynyl-lithium groups and the direction 
oxidation of alkynes and alkenes were used to attach over twenty new organometallics to 
electrode surfaces. The methods were robust and adaptable to a wide variety of 
compounds with minimal troubleshooting between compounds. Due to the high degree of 
success and large number of molecules examined, we anticipate that this will become a 
popular method of modification in this emerging field.  
 In addition to the development of electrode modification techniques, this thesis 
attempts to tackle and understand the dynamics of chemical reactions and electron 
transfer reactions occurring at electrode surfaces. This is a particularly challenging 
problem due to the large ambiguity in modelling the surface species, the difficulty in 
preparing modified surfaces, and the dearth of literature on similar chemical and 
electrochemical processes at surfaces.  
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Chapter 2: Preparation of Compounds 
2.1 Introduction 
 Terminal alkynes can be prepared in a number ways using standard organic 
reactions with commercial starting materials. A summary of the most common reactions 
used here to prepare terminal alkynes for electrode modification experiments is outlined 
in Scheme 2-1. It is worth highlighting that terminal alkynes are a readily accessible 
moiety. This availability is encouraging for the methods developed here to become 
general methods in electrode modification. 
 
Scheme 2-1 
 46 
2.2 Summary of Reactions 
 The first compound tested in electrode modification, ethynyl ferrocene, 1, is 
available commercially ($108/1g Sigma-Aldrich), but it can also be prepared by a 
number of different elimination reactions (i and ii in Scheme 2-1). The convenient 
reaction employing salt metathesis (iii and iv in Scheme 2-1), to eliminate a sodium 
halide, was commonly employed in the coupling reactions of the terminal alkyne to 
ferrocenes with an ether or ester linker. The reaction of sodium alkoxides with alkyl 
halides was used in the synthesis of compounds 2, 7, and 11-14. In a similar vein, 
nucleophilic substitutions were carried out to prepare compounds 3 and 15-18 (v in 
Scheme 2-1). The attack of an alkoxide at the methylene group of 
(ferrocenylmethyl)trimethylammonium iodide leads to loss of trimethyl amine and 
sodium iodide to form the propargyl ether product in compounds 15-18 (Scheme 2-2).
1
 
 
Scheme 2-2 
 Palladium coupling reactions are useful to prepare organometallics bearing a 
terminal alkyne (vi in Scheme 2-1). The Stille coupling of (tributylstannyl)acetylene with 
organometallics containing an iodide at the Cp ring provides the direct terminal alkyne as 
in ethynyl ferrocene (Scheme 2-3).
2,3
  The step-wise Sonogashira coupling of ethynyl 
ferrocene to (trimethylsilyl)phenylacetylenes allowed for the preparation of the 
phenylethynyl oligomers, 22-26, used here.
4
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Scheme 2-3 
 In addition, a convenient one pot synthesis—to install the alkyne—was 
successfully carried out (vii in Scheme 2-1). Starting with cyclopentadienyl manganese 
tricarbonyl (cymantrene) or benzene chromium tricarbonyl, lithiation with n-BuLi, 
followed by treatment with copper bromide, produces a weak Cu-carbon bond at the Cp 
ring which can undergo the desired coupling with propargyl bromide. Compounds 5 and 
27 were prepared in this way with varying effectiveness, 16% and 40% yield 
respectively. The higher yield for (propargylbenzene)chromium tricarbonyl, 27 is 
attributed to the more acidic arene ring being activated by the pendant chromium 
tricarbonyl.  The Cp ring in cymantrene is anionic and, therefore, less acidic. The more 
basic Cp ring is prone to deprotonation of the terminal alkyne in propargyl bromide, 
quenching the reaction mixture. For this reason, a significant amount of starting material 
was recovered in the reactions with cymantrene. 
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Scheme 2-4 
 Alkenes used in Chapter 8 of this work were prepared in a similar fashion to the 
terminal alkynes. For example, the vinyl-ether derivative 7 was prepared under identical 
reaction conditions to those used for the alkyne-ether derivative, 2, by substituting 
propargyl bromide for allyl bromide. Substituted alkenes, 6 and 8-10, were prepared 
using the Wittig reaction, which has been previously described starting from acetyl 
ferrocene (R=CH3) and ferrocene carboxyaldehyde (R=H) (Scheme 2-5).
5
  
 
Scheme 2-5 
 These different synthetic strategies were used to prepare a large number of 
organometallics complexes suitable for electrode modification experiments. The list of 
compounds studied is shown below (Scheme 2-6). The preparations of new compounds, 
namely, 2, 3, 5, 7, 11-18, 27, and 28, are described starting in Section 2.5. 
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Scheme 2-6 
2.3 Experimental Procedure 
 Reactions and manipulations were performed inside a dry box under a nitrogen 
atmosphere or with standard Schlenk techniques unless otherwise stated. All solvents and 
reagents were purified by established procedures. Thin layer chromatography (TLC) was 
performed on pre-coated plates: Silicagel Merck 60 F254. Column chromatography was 
performed using Fisher Silica gel 60 (40 – 63 µ mesh) or activated aluminum oxide with 
the appropriate reagent grade solvent as the eluent. 
1
H (500 MHz) and 
13
C (125 MHz) 
NMR spectra were recorded on Bruker 500 Avance IV at ambient temperature in CDCl3 
(Aldrich). The NMR Fourier transform, integration, and pick peaking were done with the 
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MestRenova software. Infrared spectra were recorded on Shimadzu IR Affinity-1FT-IR 
spectrometer with attached ATR head spectrometer; absorption bands are reported in 
reciprocal centimeters (cm
-1
). Low-resolution mass spectra were recorded in positive 
mode (EI or CI) on a Varian Saturn 2100T instrument. High-resolution mass spectra were 
recorded in a positive mode (ESI) on Thermo-Finnigan LTQ Orbitrap Discovery Mass 
Spectrometer courtesy of the Vermont Genetics Network, funded under the INBRE 
program 8P20GM103449. X-ray diffraction was performed using a Bruker APEX 2 CCD 
platform diffractometer (MoKα, λ = 0.71073 Å) at a set temperature of 125 K. Structure 
refinement was performed with full-matrix least squares procedures on F
2
 using the 
SHELXTL (version 6.14) software.  
 All reagents were purchased from Acros, Sigma-Aldrich, Fisher Scientific or 
Strem and used directly as received without further purification. The NMR spectra for 2, 
3, and 5, have been reported previously.
6
 The synthesis of 2 and 3 was carried out by Dr. 
Kevin Lam who, in addition, performed the majority of synthesis and preparation for 1, 4, 
7, and 28. The synthesis of these compounds is given here for a complete picture on 
routine preparations of terminal alkynes. The author is grateful for assistance in the 
synthesis of 8-10 and 15-18 from Anthony Ramuglia. Mounting and determination of the 
crystal structures was performed by Prof. Rory Waterman, Karla Erickson, and Justin 
Pagano.  
2.4 Preparation of Ethynyl Ferrocene 
 In order to synthesize a large quantity of 1 needed for the experiments here, the 
procedure described by Polin and Schottenberger was employed.
7
 Starting from acetyl 
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ferrocene ($33/5g Sigma-Aldrich), treatment with phosphorous oxychloride leads to the 
(2-formyl-1-chlorovinyl)ferrocene intermediate which readily undergoes elimination in 
basic solutions to form ethynyl ferrocene (Scheme 2-7). 
 
Scheme 2-7 
2.5 Preparation of Compound 2 
 Compound 2 was prepared from acetyl ferrocene by initial reduction to the 
alcohol. Acetyl ferrocene (1g, 4.38 mmol, 1 eq.) was dissolved in a mixture of water (7 
mL) and ethanol (7 mL), the solution was cooled to 0 
o
C and sodium borohydride (0.664 
g, 17.54 mmol, 4 eq.) was added. The solution was allowed to warm to room temperature 
over 2 h. Next, 5 mL of 0.1 M HCl was carefully added and the solution was extracted (3 
X 10 mL dichloromethane). The organic layers were collected and dried over MgSO4. 
After filtration and removal of the solvent under reduced pressure, the alcohol at this 
point was pure enough to be used directly in the next step. 
 The crude alcohol was dissolved in dry THF (17 mL) at 0
o
C and sodium hydride 
(60% in mineral oil, 0.217 g, 1.25 eq.) was added to the solution and the mixture was 
stirred at room temperature for 15 minutes. Propargyl bromide (80% in toluene, 0.387 
mL, 0.8 eq.) was added and the solution was stirred overnight before being quenched 
with 10 mL of water.  
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 The solution was extracted (3 X 10 mL dichloromethane) and dried with 
MgSO4. After filtering and removal of solvent, the crude ethynyl ether was purified by 
column chromatography using silica gel and diethyl ether/ hexane (3:97) as the eluent. 
The final product was obtained in 40% yield over two steps as a red oil. 
 
 
Scheme 2-8 
 
1
H NMR (500 MHz, CDCl3): 1.44 (d, J=6.47 Hz, 3H), 2.41 (t, J=2.39 Hz, 1H), 4.15 (dq, 
J=10.07,2.62 Hz, 2H), 4.51-4.52 (m, 1H), 4.51 (s, 5H), 4.65 (dd, J=2.30,1.18 Hz, 1H), 
4.64-4.65 (m, 1H), 4.67-4.67 (m, 1H) 
13
C NMR (125 MHz, CDCl3): 22.0, 55.1, 68.3, 69.8, 70.4, 70.9, 71.3, 71.8, 73.9, 80.4, 
91.9 
MSEI+ m/z (%): 267.9 (100)(MH
+
), 228.0 (12), 212.0 (21), 185.9 (7), 175.9 (16), 147.9 
(45), 121.9 (12), 91.0 (11), 56.0 (28) 
HRMS Calcd [C15H16FeO
+
]: 268.05451 found 268.05466 
IR (neat) νmax/cm
-1
: 3291, 2993, 1442, 1382, 1307, 1265, 1105, 1078, 1058, 822, 739 
2.6 Preparation of Compound 3 
 Similar to 2, compound 3 was prepared starting from acetyl ferrocene (2g, 8.7 
mmol, 1 eq.) in toluene (30 mL) with n-butylamine (1.73 mL, 17.54 mmol, 2 eq.). The 
 53 
solution was prepared in a round bottom flask equipped with a Dean-Stark apparatus. A 
catalytic amount of p-toluenesulfonic acid (10 mg) was added and the solution was 
refluxed overnight. Solvent was removed under reduced pressure and the resulting oil 
was dissolved in 30 mL of methanol at 0 
o
C and sodium borohydride (663 mg, 17.54 
mmol, 2 eq.) was added. After two hours of stirring at room temperature the solution was 
brought to a pH of 1 upon careful addition of 0.1 M HCl. The reaction was extracted with 
dichloromethane (20 mL). The aqueous layer was then made basic by the addition of 1 M 
NaOH and extracted three times with dichloromethane (10 mL). The organic layers were 
collected, combined and dried over magnesium sulfate. The work-up was complete after 
filtration and removal of solvent under reduced pressure. The desired secondary amine 
(Scheme 2-9) was obtained in a yield of 872 mg and was sufficiently pure for use in the 
next step. 
 Next, the crude amine (872 mg, 3.06 mmol, 1 eq.) was dissolved in THF (12 
mL) at 0 
o
C and sodium hydride (60% in mineral oil, 245 mg, 2 eq.) was added to the 
solution and stirred at room temperature for 15 minutes. Propargyl bromide (80% in 
toluene, 0.681 mL, 1.2 eq.) was added and the solution was left stirring overnight before 
being quenched by 20 mL of a saturated aqueous solution of sodium hydrogen carbonate. 
 The work-up consisted of extraction with dichloromethane (3 X 10 mL), drying 
with magnesium sulfate, filtration and removal of solvent under reduced pressure. The 
crude product was then purified over silica gel using diethyl ether and hexane (1:3) as the 
eluent. The desired product was obtained in 26% yield over three steps as a deep red oil. 
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Scheme 2-9 
1
H NMR (500 MHz, CDCl3): 0.89 (t, J=7.31 Hz, 3H), 1.27-1.32 (m, 4H), 1.37-1.42 (m, 
2H), 1.48 (d, J=6.84 Hz, 3H), 2.16 (t, J=2.43 Hz, 1H), 2.27-2.31 (m, 1H), 2.48-2.53 (m, 
1H), 3.09 (dd, J=17.12 Hz, 2.45 Hz, 1H), 3.29 (dd, J=17.09 Hz, 2.46 Hz, 1H), 3.93 (q, 
J=6.87 Hz, 1H), 4.12-4.14 (m, 6H), 4.24-4.25, (m, 1H) 
13
C NMR (125 MHz, CDCl3): 14.0, 16.6, 20.5, 30.3, 39.1, 49.3, 55.1, 66.8, 67.2, 67.4, 
68.6, 69.2, 71.8, 81.7, 88.9 
MSCI+ m/z (%) 323.7 (7) (MH
+
), 213.0 (100), 138.0 (8), 111.9 (7), 55.9 (4) 
HRMS Calcd for [C19H25FeN
+
]: 323.133309 found: 323.13332 
IR (neat) νmax/cm
-1
: 3310, 3096, 2957, 2928, 2860, 1723, 1467, 1379, 1231, 1106, 1001, 
817, 649 
2.7 Preparation of Compound 4 
 Compound 4 was prepared according to literature procedure.
8
 The synthetic 
procedure is outlined in Scheme 2-10. Cobaltocenium hexafluorophosphate was obtained 
as an impurity in this synthesis whose identity was confirmed by comparison to an 
authentic sample in the 
1
H NMR spectra.  A similar procedure starting from (trimethyl) 
silylacetylene, recently reported, allows for an easier separation of the starting material 
from the desired product.
9
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Scheme 2-10 
2.8 Preparation of Compound 5 
 Propargyl cymantrene, 5, was prepared in a one-pot synthesis from a 
modification of the procedure reported by Loft et al.
10
 To note, a similar treatment of 
lithio- cymantrene with propargyl bromide did not yield the desired compound 5, and the 
addition of copper bromide to the solution was necessary. This addition leads to the 
intermediate copper-cymantrene complex which, having a weaker copper-carbon bond, 
more readily reacts with propargyl bromide.  
  Cymantrene, Mn(C5H5)(CO)3, (375 mg, 1.84 mmol, 1 eq.) was dissolved in 20 
mL of THF in a two-neck round bottom flask equipped with a solid addition funnel and 
cooled to -78 
o
C, after which n-butyllithium (1.6 M in hexanes, 1.15 mL, 1 eq.) was 
added. After stirring for 1 hr at -78 
oC CuBr•S(CH3)2 (734 mg, 3.68 mmol, 2 eq.) was 
added to the solution via the solid addition funnel. The mixture was allowed to warm to -
15 
o
C and stirred for 40 minutes. Propargyl bromide (80% in toluene, 0.3 mL, 3.13 mmol, 
1.7 eq.) was added to the solution at -78 
o
C and the solution was allowed to warm to 
room temperature and left stirring for 1 hr. The solution was then filtered through a pad 
of silica and diluted with 30 mL of water and extracted with dichloromethane (3 x 20 
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mL). The organic layers were collected, combined, dried with magnesium sulfate and 
filtered.  
 The solvent was removed under reduced pressure yielding a mixture of starting 
material cymantrene and propargyl cymantrene determined by TLC. The crude propargyl 
cymantrene was purified using column chromatography with dichloromethane/ hexanes 
(1:20) as the eluent. Two columns were necessary to remove excess cymantrene and 
obtain the pure product as dark yellow-orange oil in 16% yield. The starting material was 
recovered in 75% yield. The product is air and light sensitive and should be stored under 
an inert atmosphere in the dark. An insoluble red precipitate forms rapidly under ambient 
conditions. 
1
H NMR (500 MHz, CDCl3): 2.19 (t, J=2.72 Hz, 1H), 3.26 (d, J=2.75 Hz, 2H), 4.67 (t, 
J=1.86 Hz, 2H), 4.82 (t, J=1.89 Hz, 2H) 
13
C NMR (125 MHz, CDCl3): 18.2, 70.1, 79.7, 81.7, 82.4, 101.1 
MSEI+ m/z (%): 241.9 (26) (M+), 213.9 (4), 158.0 (100), 103.0 (27), 80.0 (15), 54.9 (22) 
IR (neat) νmax/cm
-1
: 2017, 1924, 1433, 1265, 1093, 849, 737, 691, 668 
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Figure 2.1
1
H NMR of 5 
 
Figure 2.2 
13
C NMR of 5 
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2.9 Preparation of Ethenyl Ferrocenes 
 The preparation of ferrocenes with pendant alkenes can be accomplished 
through the Wittig reaction using commercially available, inexpensive, Wittig reagents 
(Scheme 2-11). The ferrocene derivatives, acetyl ferrocene (R3 = CH3) and ferrocene 
carboxaldehyde (R3 = H), were used to form the methyl substituted alkenyl ferrocenes. 
 
Scheme 2-11 
 Wittig reagents can be purchased in the form of phosphonium halides and upon 
treatment with n-butyllithium form the prerequisite phosphonium ylides. This approach 
was used to prepare the compounds below. The 
1
H NMR spectra of the products of these 
reactions were in good agreement the values reported in the literature.
11
  
 
2.10 Preparation of Compound 7 
 Compound 7 was prepared in a similar fashion to 2, but replacing propargyl 
bromide with allyl bromide. To 1-(ferrocenyl) ethanol (0.535 g, 1 eq., 2.33 mmol) in 10 
mL THF was added sodium hydride (0.135 g, 1.5 eq. 3.38 mmol) to form the 
intermediate alkoxide. This solution was stirred at room temperature for 15 minutes 
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before allyl bromide was added (0.8 mL, 2 eq., 4.72 mmol); the solution was then left 
stirring overnight. To quench the reaction, aqueous sodium bicarbonate was added (20 
mL) and the solution extracted with DCM (3 x 10 mL). The fractions were collected, 
combined, and the solvent removed under reduced pressure. The product was purified 
using column chromatography with silica gel and diethyl ether/hexanes as the eluent 
(1:9). The product was obtained in 60% yield as a dark red oil. 
1
H NMR (500 MHz, CDCl3): 1.26 (t, J = 1.13 Hz, 1H), 1.35-1.36 (d, J = 1.10 Hz, 3H), 
1.44-1.45 (d, J = 1.44 Hz, 1H), 4.29 (q, J = 1.12,1.13 Hz, 1H), 4.54 (m, 2H), 4.62 (s, 5H), 
4.66 (m, 1H), 4.68 (m, 1H) 
13
C NMR (125 MHz, CDCl3): 22.0, 55.1, 69.8, 70.4, 70.9, 71.3, 71.8, 73.9, 91.9 
MSEI+ m/z (%): 270.0 (14) (M+), 213.0 (100), 55.9 (6) 
HRMS Calcd for [C15H18FeO
+
]: 270.07016 found: 270.07040 
IR (neat) νmax/cm
-1
: 720, 817, 918, 1000, 1081, 1106, 1236, 1307, 1367, 1409, 1453, 
1646, 2854, 2927, 2975, 3084 
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Figure 2.3 
1
H NMR of 7 
 
Figure 2.4 
13
C NMR of 7 
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2.11 Preparation of Compound 11 
 The preparation of a ferrocene ester compound with a propargyl group is 
straightforward starting from commercially available ferrocene carboxylic acid and 
propargyl alcohol and reacting in the presence of a suitable base (Scheme 2-12).
12
 
 
Scheme 2-12 
 This reaction proceeds smoothly and 0.600 g was obtained in 75% yield as an 
orange-red solid with potassium carbonate as the base.
12b
  
2.12 Preparation of Ferrocenyl Esters 
 The preparation of ferrocene esters with substituents at the methylene unit α- to 
the alkyne was pursued using salt metathesis reactions. Ferrocene carboxylic acid was 
transformed to the acyl chloride derivative using thionyl chloride. The acyl chloride was 
then metathesized with the appropriate sodium alkoxide (Scheme 2-13). The opposite 
course of preparing the acyl chloride bearing the terminal alkyne and reacting with the 
ferrocene carboxylate was unsuccessful. Starting material was recovered and no 
metathesis products were observed. 
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Scheme 2-13 
The preparation of the ferrocene esters 12-14 was accomplished in this way. 
 
 Ferrocenoyl chloride was prepared from ferrocene carboxylic acid (1.03 g, 4.48 
mmol, 1 eq.) and thionyl chloride (0.35 mL, 4.82 mmol, 1.1 eq.). Hexanes was used as a 
reagent grade solvent with 15 minutes of bubbling N2 through the solution prior to the 
addition of reactants.  Refluxing under nitrogen for two hours yielded 0.687 g of crude 
ferrocenoyl chloride as a red oil following filtration of the mixture and removal of solvent 
under reduced pressure. Over time, the red oil of ferrocenoyl chloride solidified and 
could be stored under an inert atmosphere for future use. The general preparation for the 
ferrocene esters from ferrocenoyl chloride is outlined next using 12 as an example. 
 General procedure. Ferrocenoyl chloride (0.552 g, 2.21 mmol, 1 eq.) was 
added to a solution of 2-phenyl-3-butyn-2-ol (0.323 g, 2.21 mmol, 1 eq.) and sodium 
hydride (60% in mineral oil, 88.4 mg, 2.21 mmol, 1 eq.) in THF (10 mL) that had been 
stirring at room temperature for 1 hr. After 1.5 hr the solution was filtered through a plug 
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of silica and the solvent removed under reduced pressure. If necessary, the crude red oil 
was purified by column chromatography using DCM and hexanes (1:1) as the eluent. The 
fractions were collected and solvent removed under reduced pressure. The resulting red 
oil gradually formed dark red crystals upon standing over an extended period of time. 
The yield of the product was 0.450 g (57 %). Crystals suitable for X-ray diffraction were 
obtained by dissolving 12 in a minimum of DCM and layering with hexanes and storing 
overnight at -20 
o
C. 
 
1
H NMR (500 MHz, CDCl3): 2.01 (s, 3H), 2.87 (s, 1H), 4.24 (s, 5H), 4.40 (m, 2H), 4.82 
(m, 1H), 4.85 (m, 1H), 7.31-7.34 (t, J=7.25 Hz, 1H), 7.38-7.41 (t, J=7.50 Hz, 2H), 7.68-
7.70 (d, J=7.00 Hz, 2H) 
13
C NMR (125 MHz, CDCl3): 32.1, 69.7, 70.1, 70.3, 71.3, 75.6, 79.9, 83.5, 125.0, 127.9, 
128.3, 142.4, 169.4 
HRMS Calcd for [C21H18FeO2
+
]: 358.06507 found: 358.06504 
IR (neat) νmax/cm
-1
: 698, 760, 827, 929, 1061, 1128, 1279, 1373, 1453, 1714, 2116, 2860, 
2938, 2997, 3238 
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Figure 2.5 
1
H NMR of 12 
 
Figure 2.6 
13
C NMR of 12 
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 The structure of 12 was confirmed by X-ray crystallography. A crystal of 12 was 
mounted, and structure determined by Prof. Rory Waterman. Shown in Figure 2.7 is the 
molecular structure with implicit hydrogens drawn. The crystal structure is illustrative of 
the added steric hindrance around the terminal alkyne from adding substituents to the α-
carbon of the terminal alkyne. A variety of molecules with different α- substituents were 
synthesized to study their effect on the outcome of electrode modification. The origin of 
the Cp hydrogen splitting (C12-15) in the 
1
H NMR of 12 is evident from the orientation 
of the carbonyl in the molecular structure (Figure 2.8) due to both the two conformational 
isomers at the carbonyl combined with the two enantiomers at C2. Important bond 
lengths are reported in Table 2.1. 
 
Figure 2.7 Molecular structure of 12 
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Figure 2.8 
1
H NMR of 12; zoomed in region of the Cp Hydrogens  
Table 2.1 Bond lengths in the molecular structure of 12 
Bond Length (Å) Type of Bond Bond Length (Å) Type of Bond
1.177 C4-C5 1.43 C11-C12
1.208 C1-O2 1.434 C11-C15
1.345 C8-C9 1.462 O1-C2
1.356 C1-O1 1.468 C1-C11
1.365 C7-C8 1.482 C2-C4
1.374 C6-C7 1.53 C2-C16
1.375 C18-C19 1.53 C2-C3
1.385 C19-C20 2.004 Fe1-C9
1.387 C16-C21 2.008 Fe1-C10
1.388 C16-C17 2.015 Fe1-C11
1.388 C17-C18 2.017 Fe1-C6
1.394 C20-C21 2.024 Fe1-C8
1.397 C9-C10 2.028 Fe1-C15
1.402 C6-C10 2.032 Fe1-C12
1.411 C13-C14 2.037 Fe1-C7
1.418 C12-C13 2.044 Fe1-C14
1.418 C14-C15 2.052 Fe1-C13  
 Compound 13 was prepared according to the general procedure: ferrocenoyl 
chloride (0.238 g, 1 eq., 0.96 mmol), sodium hydride (0.0383 g, 1 eq., 0.96 mmol), 2-
methyl-3-butyn-1-ol  (0.081 g, 1 eq., 0.96 mmol) 111 mg (32%) yield, red oil. 
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1
H NMR (500 MHz, CDCl3): 1.78 (s, 6H), 2.59 (s, 1H), 4.27 (s, 5H), 4.40 (m, 2H), 4.81 
(m, 2H) 
13
C NMR (125 MHz, CDCl3): 29.2, 69.7, 70.3, 71.3, 71.4, 71.6, 72.3, 85.3, 170.0 
MSEI+ m/z (%): 297.0 (42) (MH+), 231 (100), 118.9 (1), 55.9 (5) 
HRMS Calcd for [C16H16FeO2
+
]: 296.04942 found: 296.04932 
IR (neat) νmax/cm
-1
: 772, 822, 918, 1106, 1117, 1192, 1235, 1281, 1375, 1454, 1717, 
2120, 2924, 3288 
 
 
Figure 2.9 
1
H NMR of 13 
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Figure 2.10 
13
C NMR of 13 
 Compound 14 was prepared according to the general procedure: ferrocenoyl 
chloride (0.116 g, 1 eq., 0.47 mmol), sodium hydride (0.0187 g, 1 eq., 0.47 mmol), 1-
phenyl-2-propyn-1-ol (0.063 g, 1 eq., 0.47 mmol) 25 mg (10%) yield, red-brown oil.  
 
1
H NMR (500 MHz, CDCl3): 2.69-2.70 (d, J= 2.5 Hz, 1H), 4.16 (m, 5H), 4.43 (t, J= 1.5 
Hz, 2H), 4.85-4.88 (dd, J= 1.25, 16.25 Hz, 2H), 6.65 (d, J= 2.0 Hz, 1H), 7.43 (m, 2H), 
7.64-7.65 (d, J= 7.0 Hz, 2H), 7.68-7.70 (d, J= 7.0 Hz, 1H) 
13
C NMR (125 MHz, CDCl3): 64.8, 69.7, 69.8, 70.3, 70.4, 71.6, 75.2, 80.9, 127.7, 128.7, 
129.0, 136.9, 170.5 
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MSEI+ m/z (%):191.1 (100), 131 (5), 53.0 (10) 
IR (neat): 694, 769, 1027, 1122, 1274, 1450, 1716, 2117, 2853, 2923, 3284 
 
Figure 2.11 
1
H NMR of 14 
 
Figure 2.12 
13
C NMR of 14 
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2.13 Preparation of Ferrocenyl Ethers 
 Ferrocene ethers with substituents at the methylene unit α- to the terminal 
alkyne, 16-18, were readily synthesized from (ferrocenylmethyl)trimethylammonium 
iodide.
13
 Nucleophilic substitution at the ammonium leads to the formation of the ether 
(Scheme 2-14). 
 
Scheme 2-14 
 
 
 General Procedure. The synthesis follows similar steps reported in the 
literature for other ferrocene ethers.
14
 To prepare 16, (ferrocenylmethyl) trimethyl 
ammonium iodide (0.500 g, 1.30 mmol, 1 eq.), excess potassium carbonate ca. 1 g, and 
2-phenyl-3-butyn-2-ol (0.447 g, 3.1 mmol, 2.4 eq.) were combined in dry acetonitrile (30 
mL) and refluxed for 24 hr under nitrogen. The resulting solution was cooled, filtered and 
the solvent removed under reduced pressure. Column chromatography was performed 
using silica gel and dichloromethane/hexanes (1:1) as the eluent. The product was 
obtained as a dark yellow oil—which slowly solidified—in 90 mg (20%) yield. 
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1
H NMR (500 MHz, CDCl3): 1.78 (s, 3H), 2.82 (s, 1H), 3.95-3.97 (d, J=10.5 Hz, 1H), 
4.13 (s, 5H), 4.15-4.17 (m, 3H), 4.32 (s, 1H), 4.42-4.44 (d, J=10.5 Hz, 1H), 7.35-7.38 (t, 
J=7.25 Hz, 1H), 7.42-7.45 (t, J=7.75 Hz, 2H), 7.69-7.71 (d, J=7.50 Hz, 2H) 
13
C NMR (125 MHz, CDCl3): 33.2, 63.4, 68.2, 68.3, 68.4, 69.0, 75.5, 75.8, 84.1, 84.2, 
125.9, 127.8, 128.3, 142.8 
MSEI+ m/z (%): 344.2 (26) (M+), 216.0 (100), 199.0 (42), 55.9 (4) 
HRMS Calcd for [C21H20FeO
+
]: 344.08581 found: 344.08577 
IR (neat) νmax/cm
-1
: 699, 764, 820, 909, 1011, 1086, 1104, 1171, 1227, 1358, 1446, 2114, 
2926, 3251 
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Figure 2.13 
1
H NMR of 16 
 
 
Figure 2.14 
13
C NMR of 16 
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Compound 17 was prepared using the general procedure: (ferrocenylmethyl) 
trimethylammonium iodide (0.500 g, 1.30 mmol, 1 eq.), excess potassium carbonate ca. 
1g, and 2-methyl-3-butyn-2-ol (1.26 mL, 10 eq., 13.0 mmol) yield 17 as a bright yellow 
solid in 30 mg (8%) yield. To note, two attempts at this synthesis were performed and the 
yield remained low. The reagent 2-methyl-3-butyn-2-ol is commercially available (1 
L/$71.20, Sigma-Aldrich) and the reaction was run with an excess of the alcohol to 
promote the reaction. It was therefore surprising that the yield remained so low. 
 
1
H NMR (500 MHz, CDCl3): 1.50 (s, 6H), 2.49 (s, 1H), 4.19 (m, 7H), 4.29 (m, 2H), 4.35 
(m, 2H) 
13
C NMR (125 MHz, CDCl3): 28.9, 62.6, 68.4, 68.7, 69.2, 70.0, 72.0, 84.8, 86.4 
MSEI+ m/z (%): 282.1 (8) (M+), 199.0 (100) 
HRMS Calcd for [C16H18FeO
+
]: 282.07016 found: 282.06995 
IR (neat) νmax/cm
-1
: 622, 670, 814, 1000, 1031, 1160, 1221, 1382, 2053, 2920, 3300 
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Figure 2.15 
1
H NMR of 17 
 
Figure 2.16 
13
C NMR of 17 
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 Compound 18 was prepared using the general procedure: (ferrocenylmethyl) 
trimethylammonium iodide (0.500 g, 1.30 mmol, 1 eq.), excess potassium carbonate ca. 
1g, and 1,1-diphenyl-2-propyn-1-ol (0.270 g, 1.30 mmol, 1 eq.) yielded 18 as a dark 
yellow oil which slowly solidified in 78 mg (15%) yield. 
 
1
H NMR (500 MHz, CDCl3): 2.98 (s, 1H), 4.18 (m, 7H), 4.30 (s, 2H), 4.33 (s, 2H), 7.29-
7.32 (t, J=7.00 Hz, 2H), 7.36-7.39 (t, J=7.25 Hz, 4H), 7.64-7.66 (d, J=7.5 Hz, 4H) 
13
C NMR (125 MHz, CDCl3): 63.1, 68.0, 68.5, 68.6, 77.6, 79.9, 83.5, 84.7, 126.6, 127.6, 
128.1, 143.3 
MSEI+ m/z (%): 191.1 (100), 131 (6), 53.0 (10) 
HRMS Calcd for [C26H22FeO
+
]: 406.10146 found: 406.10142 
IR (neat) νmax/cm
-1
: 650, 696, 764, 836, 1043, 1217, 1446, 2108, 2920, 3297 
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Figure 2.17 
1
H NMR of 18 (*DCM) 
 
Figure 2.18 
13
C NMR of 18 (* DCM) 
* 
* 
 77 
 Compound 15 was also prepared using the general procedure: 
(ferrocenylmethyl)trimethylammonium iodide (0.500 g, 1.30 mmol, 1 eq.), excess 
potassium carbonate ca. 1 g, and propargyl alcohol (0.75 mL, 10 eq., 13.0 mmol) yielded 
15 in 0.220 g (67%) yield as bright orange crystals; NMR spectral data was in agreement 
with the literature values reported for 15.
15
 
 
MSEI+ m/z (%): 254.0 (2) (M+), 199.0 (100), 118.9 (2), 55.9 (4) 
IR (neat) νmax/cm
-1
: 701, 755, 808, 907, 956, 994, 1062, 1104, 1237, 1375, 1456, 2122, 
2862, 2925, 3222 
 The terminal alkyne proton in 15 was converted to a (trimethyl)silyl (TMS) 
group after lithiation and treatment with freshly distilled TMS-Cl. To 15 (0.022 g, 1 eq., 
0.09 mmol) in 1 mL THF was added n-BuLi (0.065 mL, 1.2 eq., 0.11 mmol) and the 
solution was stirred for 15 minutes at 0 
o
C. TMS-Cl (0.03 mL, 2.6 eq., 0.234 mmol) was 
added and the solution was allowed to warm to room temperature and stirring continued 
for 2 hr. The reaction was worked up by removal of the solvent under reduced pressure, 
and filtration through a plug of silica gel after being taken up in hexanes. The product 15-
TMS was obtained in quantitative yield, 28 mg, as a yellow-orange oil. 
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1
H NMR (500 MHz, CDCl3): 0.22 (s, 9H), 4.11 (m, 2H), 4.19 (m, 7H), 4.30 (m, 2H), 
4.35 (m, 2H) 
13
C NMR (125 MHz, CDCl3): -0.1, 29.7, 57.3, 67.6, 68.7, 68.9, 69.8, 82.8, 91.3 
MSEI+ m/z (%): 326.1 (10) (M+), 237 (3), 199 (100), 58.9 (5) 
HRMS Calcd for [C17H22FeOSi
+
]: 326.07839 found: 326.07846 
IR (neat) νmax/cm
-1
: 651, 699, 841, 993, 1076, 1106, 1250, 1352, 1452, 2173, 2852, 2923, 
2957 
 
Figure 2.19 
1
H NMR of 15-TMS 
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Figure 2.20 
13
C NMR of 15-TMS 
 
2.14 Preparation of (propargylbenzene)chromium tricarbonyl, 27 
 Starting from benzene chromium tricarbonyl (1.0 g, 1 eq., 4.7 mmol) in 50 mL 
THF was added n-BuLi (1.6 M in hexanes, mL, 1.2 eq., 5.6 mmol) at -78 
o
C. Stirring was 
continued for 30 minutes then copper(I) bromide dimethyl sulfide (1.44 g, 1.5 eq., mmol) 
was added via a solid addition funnel and the solution was allowed to warm to 0 
o
C and 
stirred for 2 hrs. The solution was cooled back down to -78 
o
C and propargyl bromide 
(80% wt. in toluene, 0.62 mL, 1.2 eq., 5.6 mmol) was added and the solution was allowed 
to warm to room temperature, stirring was continued for 2 hrs.  
 The solution was then filtered through celite and the filtrate was reduced to a 
volume ca. 10 mL by removal of the solvent under reduced pressure. To this solution was 
added a saturated aqueous solution of ammonium chloride 50 mL and extracted using 3 x 
 80 
25 mL DCM. The fractions were combined, solvent removed under reduced pressure, and 
the crude sample purified by column chromatography. An alumina column was used with 
DCM/hexanes (1:5) as the eluent. Fractions from the second colored band were collected 
and the solvent removed under reduced pressure; the product was obtained as a bright 
yellow solid, 0.48 g (40%) yield. Crystallization from a minimum of DCM, layered with 
hexanes, and kept at -20 
o
C, gave 27 as dull red crystals. Crystallization was an efficient 
method to separate the two compounds. Spectra for the unknown side-product obtained in 
the first yellow band of the column, possibly the allene, is reported first as 27* followed 
by the spectra for 27. Compound 27 has been prepared previously from the reduction of 
the allene derivative.
16
 
27* 
1
H NMR (500 MHz, CDCl3): 5.19-5.22 (t, J=6.75 Hz, 1H), 5.28-5.29 (d, J=6.5 Hz, 2H), 
5.35-5.36 (d, J=6.0 Hz, 2H), 5.41-5.43 (t, J=6.0Hz, 2H), 5.73-5.76 (t, J=6.25 Hz, 1H) 
13
C NMR (125 MHz, CDCl3): 80.8, 90.3, 90.4, 91.2, 93.1, 232.9 
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Figure 2.21 
1
H NMR of 27* 
 
Figure 2.22 
13
C NMR of 27* 
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1
H NMR (500 MHz, CDCl3): 2.28 (s, 1H), 3.43 (s, 2H), 5.22-5.39 (m, 5H) 
13
C NMR (125 MHz, CDCl3): 24.2, 72.5, 78.8, 90.5, 91.7, 93.1, 107.2, 232.5 
 
 
Figure 2.23 
1
H NMR of 27 
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Figure 2.24 
13
C NMR of 27 
2.15 Preparation of Ruthenocene bearing an Ether Linked Terminal Alkyne 
 To acetyl ruthenocene (0.50 g, 1 eq., 1.8 mmol) was added sodium borohydride 
(0.28 g, 4 eq., 7.3 mmol) in 80 mL of ethanol. The yellowish solution was stirred for 4 
hours, becoming progressively discolored. Most of the solvent was removed under 
reduced pressure and the compound was extracted (3 x 20 mL DCM). The purity of the 
product ruthenocenol was determined by TLC and was sufficient for use in the next step. 
 Ruthenocenol (0.41 g, 1 eq., 1.5mmol) was dissolved in 7 mL of THF at room 
temperature and sodium hydride was added (60% in mineral oil, 0.19 g, 2 eq., 3.1 mmol). 
After 15 minutes propargyl bromide (0.33 mL, 2 eq., 3.1 mmol) was added and the 
solution was left stirring overnight. The resulting mixture was extracted (3 x 10 mL 
DCM) and purified by column chromatography (1:9 diethyl ether/hexanes). The fractions 
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were combined and the solvent removed under reduced pressure to yield the desired 
product as a deep red oil in 400 mg (59%) yield over two steps. 
 
1
H NMR (500 MHz, CDCl3): 1.59-1.60 (d, J=6.5 Hz, 3H), 2.42 (t, J=7.25 Hz, 1H), 4.07-
4.11 (dd, J=2.25,17.25 Hz, 2H), 4.16 (m, 7H), 4.24 (m, 2H) 
13
C NMR (125 MHz, CDCl3): 20.5, 54.7, 65.8, 67.7, 68.2, 68.6, 68.8, 72.0, 73.8, 80.4, 
88.1 
MSEI+ m/z (%): 259.1 (100), 223.1 (2), 63.0 (2) 
HRMS Calcd for [C15H15RuO
+
]: 313.01609 found: 313.01594 
IR (neat) νmax/cm
-1
: 628, 659, 808, 997, 1079, 1100, 1235, 1306, 1366, 1404, 1440, 1673, 
2113, 2923, 2974, 3094, 3291 
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Figure 2.25 
1
H NMR of 28 
 
Figure 2.26 
13
C NMR of 28 
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2.16 Other Reactions 
 For the ferrocenyl ethers the intermediate H,Me and H,Ph combinations at the α-
carbon to the alkyne were not tested. Attempts to prepare the ferrocenyl ester H,Ph 
derivative, 14, were problematic, resulting in a low overall yield with multiple products. 
Separated from the mixture was the desired product obtained in 10% yield and the 1,2-
dimethylene cyclobutane dimer, 29, derivative in 10% yield (Scheme 2-15).  
 
Scheme 2-15 
 The crystal structure was used to determine the structure of the dimer, shown in 
Figure 2.27. 
 
Figure 2.27 Molecular structure of the cyclobutane dimer, 29; hydrogen atoms omitted  
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Figure 2.28 Bond lengths in the cyclobutane and alkenes of the dimer 29 
 The dimer derivative was serendipitous, as tests with this compound in electrode 
modification experiments were already underway prior to the knowledge of the structure. 
The fact that 29 gave a positive result in electrode modification (not shown here), using a 
potential sufficient to oxidize alkynes, suggested alkenes may also react with electrode 
surfaces in the same method. Tests with vinyl ferrocene, 6, and ferrocene with the ether-
linked terminal alkene, 7, confirmed this reactivity. These results are discussed in 
Chapter 8. 
 Relevant bond lengths for the dimer are listed in Table 2.2 according to the 
numbering scheme in Figure 2.29. 
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Figure 2.29 Numbering in the dimer 29 
Table 2.2 Bond lengths in the molecular structure of 29 
Type of 
Bond
Atoms
Bond 
distance 
(Å)
Type of 
Bond
Atoms
Bond 
distance 
(Å)
Type of 
Bond
Atoms
Bond 
distance 
(Å)
FeC R(1-13)        2.047 FeC R(2-23)        2.035 OC R(3-7)         1.369
FeC R(1-14)        2.049 FeC R(2-24)        2.046 OC R(3-9)         1.451
FeC R(1-15)        2.051 FeC R(2-25)        2.055 OC R(4-7)         1.204
FeC R(1-16)        2.038 FeC R(2-26)        2.044 OC R(5-8)         1.362
FeC R(1-17)        2.042 FeC R(2-27)        2.038 OC R(5-10)        1.457
FeC R(1-18)        2.025 FeC R(2-28)        2.028 OC R(6-8)         1.204
FeC R(1-19)        2.038 FeC R(2-29)        2.040 CC R(7-18)        1.466
FeC R(1-20)        2.059 FeC R(2-30)        2.054 CC R(8-28)        1.472
FeC R(1-21)        2.064 FeC R(2-31)        2.050 CC R(9-10)        1.598
FeC R(1-22)        2.048 FeC R(2-32)        2.043 CC R(9-12)        1.537
CC R(9-33)        1.504 CC R(16-17)       1.425 CC R(26-27)       1.419
CC R(10-11)       1.532 CC R(18-19)       1.439 CC R(28-29)       1.435
CC R(10-39)       1.503 CC R(18-22)       1.434 CC R(28-32)       1.433
CC R(11-12)       1.482 CC R(19-20)       1.425 CC R(29-30)       1.425
CC R(11-45)       1.326 CC R(20-21)       1.423 CC R(30-31)       1.425
CC R(12-46)       1.332 CC R(21-22)       1.422 CC R(31-32)       1.421
CC R(13-14)       1.421 CC R(23-24)       1.420 CC R(33-34)       1.398
CC R(13-17)       1.417 CC R(23-27)       1.422 CC R(33-38)       1.395
CC R(14-15)       1.425 CC R(24-25)       1.415 CC R(34-35)       1.386
CC R(15-16)       1.420 CC R(25-26)       1.420 CC R(35-36)       1.386
CC R(36-37)       1.387
CC R(37-38)       1.392
CC R(39-40)       1.397
CC R(39-44)       1.395
CC R(40-41)       1.394
CC R(41-42)       1.386
CC R(42-43)       1.386
CC R(43-44)       1.390  
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Figure 2.30 
1
H NMR of 29 
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Chapter 3: Electrode Modification with Ethynyl Ferrocene through Ethynyl-
Lithium Oxidation 
 Discussed in this chapter is the electrochemistry of the compound ethynyl 
ferrocene, 1, as a neutral species, a lithio- species, and as one attached to an electrode 
surface. The ferrocene derivative was chosen to exploit its redox chemistry to confirm 
modification had taken place. A modified electrode of ferrocene placed in a fresh 
electrochemical solution displays a wave for the reversible Fe(II/III) couple of ferrocene-
ferrocenium.
1
 Electrochemistry is a very sensitive analytical tool for this level of surface 
coverage. The electrochemical properties of a surface wave favor an ease of detection for 
even a monolayer of electroactive material. The alkyne moiety was chosen for its acidic 
proton that allows for the rapid generation of a weak carbon-lithium bond. It is proposed 
that upon oxidation of the ferrocene moiety, the carbon-lithium bond forms a neutral 
radical after loss of the lithium ion. A reaction of the radical with the electrode surface 
would lead to an electrode modified by ethynyl ferrocene (Scheme 3-1). 
 
Scheme 3-1 
 This chapter will cover experimental aspects associated with alkyne, ferrocene, 
and organo-lithium electrochemistry. The first topic, electrochemistry of ethynyl 
ferrocene, is useful for comparison to the electrochemistry of the ethynyl-lithium 
ferrocene solutions used later for the modification experiments (Sections 3.1 to 3.3). The 
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reversibility observed for the ethynyl ferrocene-ferrocenium couple under dry conditions 
precludes it from consideration as an active species in electrode modification. This 
observation is an important control for the proposed lithiation method, as well as an 
important study on a widely-used ferrocene derivative. Finally, a detailed discussion on 
the ethynyl-lithium ferrocene solutions will ensue (Sections 3.5 to 3.10), leading to 
results of the modified electrodes obtained from those experiments (Sections 3.11 to 
3.13).  
3.1 Ethynyl Ferrocene 
 Ethynyl ferrocene, 1, is the simplest ferrocene derivative bearing a terminal 
alkyne. The terminal alkyne is directly linked to the Cp ring and, as a result, in close 
electronic communication with the iron center. The range of redox potentials, E1/2, for 
substituted ethynyl ferrocene derivatives is indicative of this communication.
2
 Potentials 
ranging from 0.00 to 0.22 V are observed in dichloromethane (DCM)/0.1M [Bu4N][PF6], 
with 1 having a potential of 0.11 V (Scheme 3-2).
3
 The strong electronic communication 
suggests a degree of delocalization of the Fe(III) radical across the alkyne that may affect 
the reactivity of this compound. This reactivity may be exploited for reaction chemistry 
to form interesting ferrocene derivatives. 
 An important note, the potentials referenced in this chapter and the rest of the 
thesis are versus the ferrocene, Fc, redox couple, E1/2 = 0 V, unless otherwise stated. The 
internal reference standard decamethyl ferrocene, Fc*, was used to determine the 
potentials and referenced back to Fc using the appropriate correction based on the solvent 
and electrolyte media which influences the potential separation between Fc and Fc*. The 
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most relevant adjustments made here are E1/2,Fc* = -0.45 V vs Fc in THF/0.1M 
[Bu4N][PF6] and E1/2,Fc* = -0.59 V vs Fc in DCM/0.1M [Bu4N][PF6]. 
 
Scheme 3-2 
3.2  Previous Literature on Oxidation of Ethynyl Ferrocene 
 The oxidation of ferrocene to ferrocenium is a reversible electron transfer 
reaction robust to chemical degradation in various solvents and electrolytes when under a 
dinitrogen atmosphere.
4
 The oxidation of a ferrocene bearing a terminal alkyne is 
complicated by follow-up reactions at the alkyne. The strong communication with the 
iron center leads to two highly reactive resonance forms in the α vinyl radical or terminal 
allenyl cation, as shown in the top line of Scheme 3-3.  
 An example of this reactivity occurs in the analogous ethynyl cobaltocenium 
(middle of Scheme 3-3), which readily undergoes a mild uncatalyzed hydroamination 
reaction with primary and secondary amines.
5
 To note, ethynyl cobaltocenium is a stable 
18 e
-
 compound that is easily isolated.
6
 The alternative mesomeric form of ethynyl 
cobaltocenium is thought to be responsible for this high reactivity as shown in the bottom 
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of Scheme 3-3. The reaction requires only mild heating, forming the amine-adducts in 
near quantitative yields.  
 
Scheme 3-3 
 Ethynyl ferrocenium, 1
+
, is a more reactive 17 e
-
 species that cannot be isolated 
as easily. The lone reported isolation of an ethynyl ferrocenium salt was made possible 
when the Cp rings were heavily methylated: ethynyloctamethyl ferrocenium 
hexafluorophosphate.
7
 The methyl groups protect and donate electron density to the iron 
center, making a significantly more stable cation capable of isolation. 
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 The increased reactivity of ethynyl ferrocenium has been exploited to form 
(arylethynyl)ferrocenes and Meerwin-type arylethenes (Scheme 3-4).
8
 This same 
procedure, in contrast, is commonly employed to synthesize and isolate stable 
ferrocenium salts (Scheme 3-4 top).
9
 
 
Scheme 3-4 
 The instability of ethynyl ferrocenium has also been observed in 
electrochemically generated solutions.
10
 The oxidized form decomposed over time to the 
spectroscopically observed neutral 1,3-diyne ferrocene dimer (Scheme 3-5). The reaction 
of the vinyl radical cation with a base, likely adventitious water, leads to the reduction of 
the ferrocenium salt through the formation of the dimer and loss of protons. 
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Scheme 3-5 
 In our hands, rigorously dry conditions afforded ethynyl ferrocenium, 1
+
, in situ 
stable on the bulk electrolysis time scale. Understanding the electrochemistry of the 
ethynyl ferrocenium is important to differentiate between the reactivity of ethynyl-lithium 
ferrocenium. Studies of 1
+
 are also important to fundamental electrochemical studies of 
ferrocene and its derivatives. Ethynyl ferrocene is an important motif used commonly in 
organometallic chemistry.
11,12
 The palladium coupling of  terminal alkynes with aryl 
halides is a popular choice for installing ferrocene on molecular scaffolds. The alkyne 
triple bond is also available for numerous other organic reactions, forming unique 
ferrocene derivatives which can be made significantly more reactive in the ethynyl 
ferrocenium form as shown already in the reaction with diazoniums. 
3.3 Anodic Oxidation of Ethynyl Ferrocene 
 Although the reversibility for the one-electron oxidation of 1 on the CV time 
scale (~10 seconds) is well-known, no experiments have been reported in which the 
oxidation has been shown to be reversible on the bulk electrolysis time scale (~30 
minutes). Bulk electrolysis experiments with 1 are described next. Shown in Figure 3.1 is 
the ferrocene wave prior to electrolysis (black), after bulk electrolysis at an applied 
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potential, Eapp, of 0.4 V (gray ---), and after re-electrolysis back to a neutral solution (Eapp 
= -0.6 V) (gray). The coulombs passed during the oxidation are in agreement for a one-
electron process. The charge passed in the re-reduction of 1
+
 to 1 was 88% of the 
expected charge for complete conversion back to the neutral species, meaning that 1/1
+
 
was 88% reversible on the bulk electrolysis time scale. The potential of the neutral 
solution after re-electrolysis was verified with the internal standard decamethyl ferrocene, 
Fc*, confirming 1 as the analyte in solution. 
 
Figure 3.1 CV of 6.0 mM 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, 0.2 V/s, prior to electrolysis (black), 
after -1.7 C passed (gray ---), after re-electrolysis of 1.5 C (gray)  
 Electrochemistry performed in vigorously dry THF further established the 
stability of the ethynyl ferrocene cation. THF is a more coordinating solvent than DCM, 
making it more poorly suited for the study of electrophiles generated by anodic 
electrochemistry. Nevertheless, the oxidation of 1 was almost entirely reversible on the 
bulk electrolysis time scale. Electrolysis of the solution gave the expected coulomb count 
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for a one-electron oxidation: CVs before and after electrolysis are nearly identical, and 
the coulomb count after re-reduction was 98% of the expected charge for a completely 
reversible process. Shown in Figure 3.2 is the ferrocene wave prior to electrolysis (black), 
after bulk electrolysis to 1
+
 (Eapp = 0.4 V, gray ---), and after re-electrolysis back to a 
neutral solution of 1 (Eapp = -0.6 V, gray). 
 
Figure 3.2 CVs of 5.0 mM 1 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s, prior to electrolysis 
(black), after -1.42 C passed (gray ---), after re-electrolysis of 1.4 C (gray) 
 Linear sweep voltammetry (LSV) scans of the solution after oxidation (gray 
line, Figure 3.3) to 1
+
 and re-reduction to 1 (black line) were used to follow the reaction. 
The sweep following oxidation of the solution has zero current at potentials more positive 
than the oxidation potential of 1. Zero current is indicative of a benign potential when no 
electron transfer occurs. After re-reduction, the current is zero at potentials negative of 
  
100 
the oxidation potential. This confirms the return of the solution back to a neutral species 
as no further reduction occurs.  
 
Figure 3.3 LSVs of 5.0 mM 1 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 2 mV/s, after bulk electrolysis 
(gray) and after re-reduction (black)  
 The stability of 1/1
+
 on the bulk electrolysis time scale precludes it from 
consideration as the active species in electrode modification. Electrode modification is 
accomplished with irreversible electron transfer due to a fast follow-up chemical reaction 
on the CV time scale. The highly reversible nature of 1/1
+
 in THF on the bulk electrolysis 
time scale leaves little doubt that decomposition of 1
+
 does not plays a role in 
modification of the electrode at these applied potentials. Electrodes tested in these 
experiments did not show modification even after immersion in electrolyte solutions 
comprised entirely of 1
+
, the same electrolyte media used later in electrode modification 
experiments of Li-1. 
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3.4 Chemical Oxidation of Ethynyl Ferrocene  
 Attempts to prepare 1
+
 using the chemical oxidants thianthrene 
hexachloroantimonate, [C12H8S2][SbCl6], and thianthrene tetrakis(perfluorophenyl) 
borate (TFAB), [C12H8S2][TFAB], was explored.
13
 Attempts to prepare crystals suitable 
for X-ray crystallography were unsuccessful.
14
 The product of the reaction to form 
1[SbCl6] was characterized using solid state infrared spectroscopy and electrochemistry. 
Infrared spectroscopy supported the formation of an oxidized ferrocene center (Figure 
3.4).  
  
Figure 3.4 Infrared of 1 (black) and 1[SbCl6] (gray) in the C-H bending region 
 The formation of the ferrocenium form in 1
+
 is confirmed by the shift and 
resolution of the asymmetric C-H bend of the Cp ring in the infrared. Shown in Figure 
3.4, the C-H bend for 1
+
 at 853 cm
-1
 is well resolved and has shifted from the formally 
819 cm
-1
 bend
15
 of 1. The resolution and shift are indicative of the ferrocenium moiety. In 
the ferrocenium form the intensity for many of the peaks diminish and the C-H bend 
shifts to more positive wavenumbers (cm
-1
).
16
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Figure 3.5 Infrared of 1 (black) and 1[SbCl6] (gray) in the -C≡C- stretching region 
 The shift for the -C≡C- stretch is 14 cm-1 going from 2106 in the neutral to 2120 
cm
-1
 in 1
+. The shift to higher wavenumber upon oxidation is typical for π systems losing 
electron density in their π* orbitals. The magnitude of the shift is indicative for strong 
communication between the iron center and the alkyne. In the following chapter an ether 
derivative 15[SbCl6], whose crystal structure is determined, has a shift of -4 cm
-1
 after 
oxidation, being a smaller shift, as expected for a terminal alkyne stretching frequency 
with little communication with the Fe(III) center. The ether derivative was designed to 
place the alkyne farther away from the iron center for this reason and the smaller alkyne 
shift in the ether derivative may potentially be due to crystal packing interactions.
17
  
 Introduction of the 1
+
 salts into fresh electrochemical solutions of 
DCM/[Bu4N][PF6] gave poor electrochemistry consisting of multiple peaks. The 
electrochemistry does support the major product of the oxidation, however, is 1
+
. Shown 
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next is a CV of a nominal 1 mM solution of the product 1[TFAB] in DCM/ 0.1M 
[Bu4N][PF6] (Figure 3.6). The solution was referenced to decamethyl ferrocene, and the 
major peak at 0.11 V is consistent with the presence of 1
+ 
(Figure 3.7). A number of 
minor peaks are indeed present and no assignments for these species have been made. 
The major side product has an E1/2 = 0.41 V and is possibly due to the formation of the 
[2.2]ferrocenophane-1,13-diyne dimer, a biferrocene with two ethynyl linkers between 
each of the two ferrocenyl fragments.
18
 
 
Figure 3.6 CV of ~1 mM 1[TFAB] in DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 0.5 V/s 
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Figure 3.7 Square wave voltammagram (SWV) of 1 mM 1[TFAB] and 1 mM decamethyl ferrocene in 
DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 60 Hz 
 In the next section the experimental setup for the organo-lithium 
electrochemistry performed here is described in detail. This type of electrochemistry is 
particularly challenging due to the highly reactive nature of the analyte which 
decomposes readily in the presence of water or other available nucleophiles. Experiments 
with in situ lithiation add a degree of complexity for understanding the makeup of the 
solution, but have the advantage of distinguishing readily the effect of added n-BuLi on 
the electrochemical solution. In this way, the moisture in the cell can also be calibrated 
by the appearance of the tributylamine wave at Epa = 0.61 V. This may be used to dry the 
cell prior to addition of analyte. Tributylamine is the major product of the reaction 
between 1 equivalent of n-BuLi and an equivalent of the [Bu4N][PF6] electrolyte, as  
described in Section 3.10.  
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3.5 Experimental Setup 
 Previous organo-lithium electrochemistry has been performed in THF/ lithium 
perchlorate (Li[ClO4]) at low temperatures.
21,22b
  The use of lithium perchlorate as an 
electrolyte was explored early in the present work, however, results obtained using the 
drier electrolyte [Bu4N][PF6] were substantially better and a more convenient electrolyte 
to handle routinely. Using lithium perchlorate as the electrolyte led to successful 
modification, but the high concentration of lithium ions present in solution was thought to 
hinder loss of lithium at the alkyne following oxidation of the ferrocene moiety. The 
direct oxidation of the lithium alkyne group at higher potentials was favored in Li[ClO4] 
solutions. Ethynyl cobaltocenium, 4, which does not deposit through a metal-centered 
oxidation, has similar electrochemistry in both media, as will be discussed in Chapter 5. 
 Electrochemistry and lithiation reactions were run in a drybox under a nitrogen 
atmosphere. Tetrahydrofuran (THF) was obtained commercially from Fisher (HPLC 
grade and flushed under nitrogen) or from an alumina column under argon. Before use in 
electrochemistry, it was stored for at least 24h in the presence of 3 Å molecular sieves. 
Best results were obtained after 2-3 days of the solvent in the presence of sieves
19
 that 
had been dried for 24 hours under high vacuum at 100 
o
C. All glassware was dried in an 
oven overnight or immediately prior to use by passing over a Bunsen burner flame 
overnight. Three-compartment cells were used for all low temperature electrochemistry, 
using a Pt wire counter electrode, and a Ag/AgCl wire, separated by a glass frit, as a 
reference electrode. A temperature of 0 
o
C was used for lithiation and electrochemistry. 
  
106 
This temperature was chosen for practical concerns regarding THF decomposition with 
n-BuLi and as a routine temperature that can be easily achieved in the laboratory.  
 Lithiation was performed in a test tube using dilute n-BuLi (see below) in THF. 
Lithiation is quite rapid with terminal alkynes, so that after brief mixing of the n-BuLi 
with the alkyne, the lithiated analyte was ready to enter the cell. Diluting the n-BuLi 
allowed for accurate concentrations using measureable quantities readily obtained with a 
1 mL micro pipette. The n-BuLi was obtained from a 1.6 M solution in hexanes (Acros) 
and added to a ~5 mL solution of dry THF at ca. 0.3 mL aliquots. The concentration of 
dilute n-BuLi obtained in this way was ca. 0.090 – 1.125 M.  In a separate test tube the 
terminal alkyne species was prepared in ca. 0.1 M solutions in THF. The standard 
volume of this solution was 1 mL. The amount of dilute n-BuLi required to lithiate the 
analyte was ca. 0.15 to 0.35 mL in a 1:1 reaction of n-BuLi with the alkynyl substrate. 
The two test tubes were immersed in the cold bath at 0 
o
C alongside the three-
compartment cell containing the electrolyte media, after the reaction (~1 minute) the 
lithium-alkynyl substrate was syringed into the electrochemical cell.  
 The alternative in situ lithiation was achieved by adding dilute n-BuLi directly 
to the main compartment of the cell containing the analyte and the supporting electrolyte. 
The lithiation of the terminal alkyne in 1, and terminal alkynes in general, are more rapid 
than decomposition of the electrolyte cation. Similar kinetics was observed in all in situ 
lithiation performed here but may not necessarily carry over to all terminal alkynes. In 
addition, the presence of small amounts of tributyl amine did not appear to affect the 
grafting procedure but, again, this could present a problem with some analytes. The peak 
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for the oxidation of the amine was observed as an irreversible oxidation at Ep = 0.61 V 
(Figure 3.8). The reaction of the electrolyte has been observed to occur on a similar time 
scale as the alkyne lithiation where, immediately after the addition of n-BuLi, the first 
CV scans will show either the amine oxidation or the oxidation of the lithium acetylide.  
 
Figure 3.8 CV of tributylamine formed after a nominal 5 mM of n-BuLi was added to a solution of THF/ 
0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s 
 Glassy carbon electrodes (1, 2, & 3 mm) were used as the working electrode in 
majority of the electrochemistry here. The electrodes were polished with 0.5 µm diamond 
paste (Buehler), washed with acetone and then left standing in Aqua Regia (3:1 
hydrochloric acid to nitric acid, Caution! Aqua regia solutions are extremely corrosive) 
for 15 minutes. Electrodes were then washed with deionized water, sonicated for 5 
minutes in 1:1 acetone/ deionized water, washed with acetone, polished with diamond 
paste decreasing in size 3 – 0.25 µm, and washed again with acetone prior to use in 
electrode modification experiments. A simpler preparation of the electrodes, without 
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treatment in Aqua regia, can be accomplished with polishing by 0.25 & 0.5 µm diamond 
paste and rinsing with acetone. The greater care was taken in tests for spontaneous 
modification, discussed further in Chapter 7, and was not a prerequisite for successful 
electrode modification. Gold and platinum electrodes were cleaned in a similar way, but 
generally not treated with Aqua Regia. 
 The concentration of analyte in the electrochemical cell was typically between 
3-8 mM. Under these conditions, active lithium species could be obtained on a routine 
basis. This high concentration allows for some loss of lithium analyte to adventitious 
water or other nucleophiles during lithiation and immersion into the electrochemical cell. 
Continuous scanning or electrolysis time was used to control surface coverage. Upon 
inspection of the electrochemistry of Li-1 solution, if either no change in the CVs from 
the neutral compound had occurred or the solution did not modify electrodes, more n-
BuLi or more Li-1 from the stock solution could be added. To this end, the stock solution 
could be prepared for a higher concentration of analyte, and depending on modification 
results, more of the lithium analyte was added as necessary. This sequence of steps may 
be favored if the analyte is not readily lithiated or decomposition of the electrolyte occurs 
first. 
 Experiments performed in this way were highly reproducible: experiments for 
Li-1 were run on 15 separate occasions over two years with multiple sources of THF, 
which is the most likely point of introduction of water to the experiment, resulting in 
quenching of the lithium species. Each experiment was successful in the preparation of a 
solution capable of consistently modifying electrodes. Approximately 15 distinct 
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electrodes were modified an average of ten times each for roughly 150 successful 
modifications with compound 1 alone. In addition, modification of electrodes with Li-1 
has been confirmed in other laboratories.
20
 
3.6 Lithium-Ethynyl Ferrocene 
 In the proposed oxidative approach, an alkyne is treated with n-BuLi to form a 
weak carbon-lithium bond. The oxidation of the ethynyl-lithium bond leads to a carbon 
radical buoyed by a good leaving group in the lithium ion, Eqs 1-2.  
R-≡-H  +  n-BuLi  →  n-BuH  +  R-≡-Li  ↔  R-≡─ Li+ (1) 
R-≡─ Li+   -   e─   →   R-≡●   +   Li+    (2) 
The literature supports an irreversible oxidation for an ethynyl anion and rapid 
decomposition of the alkyne radical.
21,22
 This type of reactivity is anticipated for a 
localized and sterically unencumbered radical (Scheme 3-6).
21 
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Scheme 3-6 
The mode of decomposition may vary: hydrogen abstraction (Eq. 4), addition of 
nucleophiles across the triple bond (Eq. 5), dimerization (Eq. 6), and the desired attack of 
the radical at an atom at the surface (Eq. 7) are possible.  
R-≡─Li+   -   e─   →  R-≡●   +   Li+    (3) 
R-≡●   +   solvent   →   R-≡-H   +   …      (4) 
R-≡●   +   H2O   →→   R-CH=CH-OH      (5) 
2 R-≡●   →   R-≡-≡-R     (6) 
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R-≡●   +  Electrode   →→   R-≡-Electrode      (7) 
 A relevant example of this reactivity is the formation of dimers, trimers, and 
oligomers upon oxidation of lithium- phenyl and ethyl acetylides (Scheme 3-7).
22c
  
 
Scheme 3-7 
 In the case of an ethynyl lithium compound containing ferrocene, the 
electrochemistry is complicated by the positioning of the oxidation potentials for the two 
moieties. Oxidation of ethynyl lithium occurs at a potential, Epa = 0.96 V, that is 
considerably positive of that of 1 (E1/2 = 0.14 V in THF/0.1M [Bu4N][PF6]). This 
potential difference is shown in Figure 3.9 by overlaying a CV scan in solutions of 1 with 
a CV scan made in a solution of lithium-acetylide. Therefore, the oxidation of Li-1 is 
anticipated to initially form the ethynyl-lithium ferrocenium ion (Eq. 8).  
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Figure 3.9 CVs of 2 mM ethynyl ferrocene 1 (black) and ca. 1-3 mM lithium acetylide•(ethylene diamine) 
(gray) in THF/0.1M [Bu4N][PF6] at room temperature; 1 mm GCE, ν = 0.2 V/s  
 
Fc-≡─Li+   -   e─   ↔   [Fc+-≡─Li+]    (8) 
 This zwitterionic intermediate is analogous to ferrocenium carboxylate formed 
in electrode modification experiments of ferrocene carboxylate.
23
 The ferrocenium 
carboxylate intermediate is unstable, decomposing to ferrocene with a Cp radical and 
CO2 (Scheme 3-8).  
? 
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Scheme 3-8 
 Thus, the expected electrochemistry for lithium-ethynyl ferrocenium is an 
oxidation at the iron center followed by an internal electron transfer reaction coupled to 
loss of Li
+
 to form the alkyne radical. The reaction of the alkyne radical will result in an 
irreversible oxidation wave observed for the oxidation of Li-1. The contrast of this 
reactivity to the electron transfer commonly observed with ferrocene is summarized in 
Scheme 3-9.  
 
Scheme 3-9 
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3.7 Electrochemistry of Lithio-Ethynyl Ferrocene 
 The electrochemistry of Li-1 consists of an irreversible anodic wave, Epa = -0.10 
V, more negative than the oxidation potential of 1 by 0.24 V. As the scan is continued, a 
second wave is observed for a reversible product oxidation at the potential for 1, E1/2 = 
0.14 V. The emergence of 1 in the CV experiment suggests that hydrogen abstraction of 
the alkyne radical to reform 1 is the dominant decomposition pathway of the radical 
(FeCp(C5H4)C2•), “1*”. In Figure 3.10 and Figure 3.11, the electrochemistry of Li-1 at a 
glassy carbon electrode with the [PF6]
-
 and [TFAB]
-
 anions is shown respectively.  
 
Figure 3.10 CV of 6.0 mM Li-1 in THF/ 0.1M [Bu4N][PF6] at 0 
oC; 2 mm GCE, ν = 0.2V/s 
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Figure 3.11 CV of 4.0 mM Li-1 in THF/ 0.05M [Bu4N][TFAB] at 0 
oC; 2 mm GCE, ν = 0.1V/s 
 The potential of the prewave at -0.10 V and its irreversibility are consistent with 
the behavior expected for the oxidation of Li-1 described in the previous section. The 
irreversibility is indicative of the short-lived formation of a highly reactive species whose 
re-reduction cannot be captured on the CV time scale. The nominal oxidation of 1 occurs 
following the Li-1 oxidation and is likely the result of rapid decomposition from Li-1
+
, 
Eqs 9-11. 
Fc-≡─ Li+   -   e─   ↔   [Fc+-≡─ Li+]      (9) 
[Fc
+
-≡─ Li+]   →   Fc-≡●   +   Li+    (10) 
Fc-≡●   +   solvent   →   Fc-≡-H   +   …      (11) 
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 Probing the solution further, scans limited to the first wave decrease in intensity 
with each continuous scan (Figure 3.12). This is a common feature in modification 
experiments attributed to partial passivation of the electrode due to the layering of 
material at the electrode thereby inhibiting communication between the electrode and 
solution. 
 
Figure 3.12 CVs of 4.0 mM Li-1 in THF/0.05M [Bu4N][TFAB] at 0
 o
C; 2 mm GCE, 0.1V/s, 3 continuous 
scans, the 1
st
 and last scan are shown 
 Continuous scans into the pre-wave show the emergence of a peak due to the 
build-up of ferrocene at the surface (Figure 3.13). In a fresh electrochemical solution the 
electrode tested in this way was found to be modified with two layers of ethynyl 
ferrocene.  
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Figure 3.13 Seven continuous CVs of 5.0 mM Li-1 in THF/ 0.2M [Bu4N][PF6]; 3 mm GCE, ν = 0.2 V/s, 
the arrows indicate the change in current observed over the course of seven scans 
 An increase in the re-reduction current height is also observed commonly for 
ferrocene attached to the surface. A clear example of this is shown in Figure 3.14. After 
ten continuous scans a new pre-wave in the oxidation and an increased current height of 
the re-reduction is observed, both effects are attributed to ethynyl ferrocene at the 
electrode. The inset picture highlights the similarity of the charge passed between the two 
curves. The electrode obtained in this manner was more heavily modified (~5 layers) and 
is consistent with a larger driving force in the reaction to form alkyne radicals with the 
application of a more positive potential. 
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Figure 3.14 CVs of 5.0 mM Li-1 in THF/ 0.1M [Bu4N][PF6]; 3 mm GCE, ν = 0.2 V/s, before (black) and 
after (gray) ten continuous scans 
 The lithio-solution did not show a dependence in the behavior of the CVs with 
different electrode surfaces when glassy carbon, gold, and platinum surfaces were tested. 
This suggests there is no prerequisite surface interaction necessary for attachment and 
that many types of surfaces may undergo modification. Glassy carbon, gold, and 
platinum electrodes scanned ten times in the solution in Figure 3.14 had surface 
coverages of 4.6, 4.4, and 2.8 layers of ethynyl ferrocene attached, respectively. 
 Before the full scope of modification results is discussed beginning in Section 
3.11, the solution containing Li-1 will be probed further. This will be treated in Sections 
3.8 to 3.10 in the following way: Section 3.8 will describe an in situ approach to the 
lithiation, allowing for a direct comparison of the ethynyl ferrocene solution with the 
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lithio-solution. In that section, the active species, Li-1, will be confirmed with the 
treatment of (trimethyl)silyl chloride (TMS-Cl) to the electrochemical solution. Work-up 
of the solution confirmed that the major product is 1-TMS (Scheme 3-10). 
 
Scheme 3-10 
 In Section 3.9, the lithiation of ethynyl ferrocenium will be attempted. This 
experiment attempts to establish the reversible wave that appears in the CVs of Li-1 as 1. 
The chemical oxidation of ethynyl-lithium ferrocene will also be discussed. These 
reactions support the formation of 1 as the dominant product after oxidation of Li-1.  
 Finally, Section 3.10 examines the decomposition of the electrolyte cation, 
[Bu4N]
+
, observed in in situ lithiation experiments. The decomposition reaction was 
found to form tributyl amine and a wave for this species is assigned (Section 3.10). 
Finally, after these sections, experiments with modified electrodes of 1 are discussed. The 
solutions of Li-1 were very successful at modifying electrodes and confirm the 
development of a new oxidative method to form covalent attachment to electrode 
surfaces. It is worth mentioning that the Li-1 solutions were stable at 0 
o
C and the activity 
of the solutions persisted for hours in the longest experiments performed. 
3.8 in situ Lithiation of Ethynyl Ferrocene 
 The lithiation of 1 carried out in situ allows for the direct voltammetric 
comparison of the solution as it changes from 1 to Li-1. Figure 3.15 shows the 
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appearance of the first irreversible oxidation owing to Li-1 and reversible wave for 1 at 
more positive potentials. The CV behavior of the in situ solution closely mimics that of 
the ex situ Li-1 solution described in the previous section. 
 
Figure 3.15 CV of 6.0 mM 1 (gray) and Li-1 (from 2 equivalents of n-BuLi) (black) in THF/ 0.1M 
[Bu4N][PF6] at 0 
o
C; 1 mm GCE, 0.2 V/s 
 Under these conditions, the effect of added equivalents of n-BuLi gives a 
roughly proportional increase in the current height of the pre-wave (Figure 3.16). These 
findings allow solvent conditions to be manipulated with greater ease by adding extra n-
BuLi to the solution as required. The difficulty in having perfectly dry solvent is 
alleviated by in situ lithiation and has since become in our laboratory the method of 
choice in studies of Li-1. 
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Figure 3.16 CV of 6.0 mM Li-1 with ‘X’ equivalents of n-BuLi added to the solution in THF/ 0.1 M 
[Bu4N][PF6] at 0 
o
C; 2 mm GCE, 0.2 V/s  
 The formation of Li-1 by in situ lithiation shown in Figure 3.17 is a particularly 
clear example of the conditions in solution. The solution prior to lithiation shows the 
reversible couple of 1 (gray line). After in situ lithiation, the pre-wave for Li-1 and an 
additional wave at the same potential as 1 is present in the CV scan. The peak current of a 
totally irreversible single-electron transfer reaction is approximately 80% of the peak 
current for a reversible single-electron transfer.
24
 The peak current of the pre-wave of Li-
1 in Figure 3.17 is 9 µA and the peak current in the oxidation wave of 1 remains roughly 
unchanged after lithiation at 18 µA.  These results suggest at least 63% of the starting 
material is lithiated in the reaction and that the follow-up reaction of Li-1
+
 forms roughly 
the same concentration of electroactive material as was in the solution of 1 prior to 
lithiation. 
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Figure 3.17 CVs of 6.0 mM 1 (black) and with ca. 6.0 mM n-BuLi added (gray) in THF/ 0.1M 
[Bu4N][PF6], v = 0.2 V/s, 1 mm GCE 
 To confirm the lithiation of 1 and to establish an upper limit on the peak current 
of the pre-wave, equivalents of n-BuLi were added until the pre-wave peak did not 
increase (Figure 3.18). To this solution, 2 equivalents of TMS-Cl were added to trap Li-1 
(Figure 3.19). When an additional 2 equivalents were added, this did not change the 
appearance of the voltammagram. 
 
Scheme 3-11 
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Figure 3.18 CVs of 6.0 mM 1 (black ---) with 1.0, 1.3, 1.6, and 2.0 (light gray to black) equivalents of n-
BuLi added in THF/0.1M [Bu4N][PF6], 1 mm GCE, v = 0.2 V/s  
 
Figure 3.19 CVs of 6.0 mM 1 (gray ---), with 2.0 equivalents of n-BuLi added (black), and 2 equivalents of 
TMS-Cl added (gray) in THF/0.1M [Bu4N][PF6], 1 mm GCE, v = 0.2 V/s  
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 The disappearance of the pre-wave after addition of TMS-Cl in Figure 3.19 is a 
result of the transformation from Li-1 to TMS-1. The loss of current on the re-reduction 
wave remains, however, and does not seem to be an artifact of having a solution 
containing lithio-species.  
 As an aside, the redox couple of TMS-1 is completely reversible under these 
conditions and the distorted shape of the wave must be due to the mediation of electron 
transfer with another species in solution. The electrode used in these scans was not 
modified, thus precluding electrode inhibition as the source of this phenomenon. The 
likely solution species is hydroxide formed from any water originally present in the 
solution. The electron-transfer mediation of ferrocene with hydroxide is shown next in 
Figure 3.20. With the addition of hydroxide, the oxidation peak increases and re-
reduction peaks decrease with each successive addition of hydroxide. The electron-
transfer kinetics of ferrocenium and the amine are too slow for tributylamine to cause this 
effect. 
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Figure 3.20 CVs of 2 mM ferrocene with tetraethylammonium hydroxide (TEA-OH) added in THF/0.1M 
[Bu4N][PF6]; 1 mm GCE, ν = 0.2 V/s; the concentration of TEA-OH in solution: 5, 15, 30, and 85 mM 
 Following the addition of TMS-Cl, the solution in the main compartment of the 
3-compartment electrochemical cell was isolated. The solvent was removed under 
reduced pressure, and the solution taken up in hexanes. The hexanes solution was filtered 
and the solvent removed once more under reduced pressure.  The 
1
H NMR (Figure 3.21) 
and 
13
C NMR (Figure 3.22) spectra of the product are identical to the literature values 
reported for (trimethylsilyl)ethynyl ferrocene, 1-TMS.
25
 To note, both 1 and 1-TMS are 
soluble in hexanes. The peaks labelled in the spectra correspond to 1-TMS. 
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Figure 3.21 
1
H NMR of (trimethysilyl)ethynyl ferrocene in CDCl3 obtained from the electrochemical cell; 
inset picture is the terminal hydrogen peak of ethynyl ferrocene 
 
 
Figure 3.22 
13
C NMR of (trimethysilyl)ethynyl ferrocene obtained from the electrochemical cell (CDCl3) 
2.72 
0.05 
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 These experiments confirm the efficient lithiation of ethynyl ferrocene in the 
electrochemical cell to form Li-1. There appears to be minimal ethynyl ferrocene in the in 
situ solution, supported by the fact that the peak for the terminal alkyne hydrogen in the 
1
H NMR spectrum integrates to 0.05 against the peak at 0.23 ppm (9H) for the TMS-
derivative. This suggests 5% of ethynyl ferrocene present in solution. Therefore, the fact 
that the peak current for the Li-1 prewave never reaches full one-electron current height 
is not due to incomplete lithiation. 
 For an irreversible one-electron oxidation 80% of the peak current in a 
reversible process is expected. The pre-wave in the electrochemistry of Li-1 only reaches 
50% of the peak current versus a one-electron reversible process. Reasons for a decreased 
signal are: slow diffusion coefficient of the ambiguous lithium species, inhibition of the 
surface (more pronounced in slow electron transfer reactions), and multiple peaks for the 
oxidation of Li-1, i.e. multiple solution species. The electrochemistry of tert-butyl 
propargyl lithium and ethynyl cobaltocenium both have closely spaced multiple peaks 
observed in their electrochemistry.
21
 The pre-wave peak may be the most negative peak 
associated with Li-1, and the second or third peaks could arise at more positive potentials 
hidden in the follow-up oxidation wave for 1. 
 
Scheme 3-12 
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3.9 Reaction of n-BuLi with Ethynyl Ferrocenium 
 To further probe the reactions in the lithio solution, solutions of 1
+
 were treated 
with an equivalent of n-BuLi. After anodic bulk electrolysis of 1 in THF performed at 0 
o
C, reproducing the environment in modification experiments, a CV curve showed that 1
+
 
had been formed in solution (Figure 3.23). To the electrolyzed solution was added 1.2 eq. 
of n-BuLi, resulting in the gray CV scan of Figure 3.24. 
 
Figure 3.23 CV of 2.5 mM 1
+
 in THF/0.1M [Bu4N][PF6] after bulk electrolysis, v = 0.2 V/s 
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Figure 3.24 CVs of 2.5 mM 1
+
 (black) and after the addition of 1.2 eq. n-BuLi (gray) in THF/ 0.1M 
[Bu4N][PF6], v = 0.2 V/s 
 In Figure 3.24, both CV scans start from a potential negative of the oxidation of 
ethynyl ferrocene. The black line, recorded after the anodic formation of 1
+
, has a 
cathodic current at the start of the CV scan, indicative of 1
+
 being reduced to 1 at the start 
of the scan. After treatment with n-BuLi, the solution returns to zero current at the start of 
the scan, indicating the 1
+
 has been reduced back to neutral 1 by n-BuLi. Work-up of the 
cell confirmed 1 as the only product.
26
 Shown in Figure 3.25 is the 
1
H NMR of an 
authentic sample of ethynyl ferrocene (top) and a sample take from the electrochemical 
cell (bottom). The peaks labelled in the spectra correspond to ethynyl ferrocene. 
  
130 
 
 
Figure 3.25 
1
H NMR in CDCl3 of ethynyl ferrocene (top) and the product of the reaction of n-BuLi to a 
solution of 1
+
 (bottom) 
 Two plausible reactions leading to the reduction of 1
+
 by n-BuLi are shown in 
Eqs 12-14 and Eq. 15. Eqs 12-14 represents the intramolecular oxidation of ethynyl-
lithium by ferrocenium. In Eqn. 15, n-BuLi is oxidized directly, leading to the reduction 
of 1
+
 back to 1.  
Fc
+
-≡-H   +   n-BuLi   →   n-BuH   +   Fc+-≡-Li   ↔   Fc+-≡─Li+  (12) 
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 [Fc
+
-≡─ Li+]   →   Fc-≡●   +   Li+      (13) 
Fc-≡●   +   solvent   →   Fc-≡-H   +   …       (14) 
or 
Fc
+
-≡-H   +   n-BuLi   →   Fc-≡-H   +   n-Bu•   +   Li+    (15) 
 The direction oxidation of n-BuLi by 1
+
, Eqn.15, is most likely due to the large 
and favorable potential difference between the ethynyl ferrocenium reduction and 
oxidation of n-BuLi. The oxidation of n-BuLi given in Breslow’s work is -1.37 V vs 
SCE, giving a potential driving force of ca.1.5 V.
21
  
 Finally, attempts at the chemical oxidation of Li-1 with ferrocenium 
hexafluorophosphate, when analyzed by mass spectrometry, found 1 to be the major 
product of the reaction.
27
 These results are consistent for the formation of 1 following 
anodic oxidation of Li-1. 
3.10 Decomposition of the Electrolyte 
 The formation of tributyl amine from the reaction of n-BuLi with the electrolyte, 
[Bu4N][PF6], has been observed in numerous experiments with the in situ lithiation of 1. 
An irreversible wave, more positive than the oxidation of 1, is observed ca. 0.6 V in these 
solutions. The reaction of n-BuLi with [Bu4N]
+
 to form tributylamine was confirmed by 
1
H NMR of the clear oil that results from the treatment of 1 equivalent of [Bu4N][PF6] 
with 1 equivalent of n-BuLi, Figure 3.26. The peaks in the 
1
H NMR spectra at 0.93, 1.32, 
1.45, and 2.43 ppm are attributed to tributylamine.
28
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Scheme 3-13 
 
Figure 3.26 
1
H NMR spectra of tributyl amine in CDCl3; peaks at 1.86 and 3.75 are for THF (denoted *) 
 In blank solutions of THF/ 0.1 M [Bu4N][PF6] an irreversible wave, Epa = 0.61 
V, appears immediately following the addition of n-BuLi (Figure 3.8). The oxidation for 
the amine is further confirmed by the measurement of the potential for tributyl amine 
obtained commercially in the same medium, Epa = 0.61 V.  
* * 
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3.11 Mechanism of Modification 
 To review, the mechanism of electrode modification to form covalent 
attachment occurs through the generation of a highly-active carbon, oxygen or nitrogen 
radical.
 
The glassy carbon surface is generally considered ‘inert’ and non-reactive, 
therefore requiring a highly active radical of this type to modify the surface. The 
electrochemical reaction of solution analyte which occurs inherently close to the 
electrode surface facilitates this reaction (Scheme 3-14).   
 
Scheme 3-14 
 Glassy carbon is composed entirely of carbon with a proposed structure similar 
to that of fullerenes.
29
 It has no apparent binding affinity for common functional groups 
such as thiols, carboxylic acids, and amines and is ideal for testing the success of radical-
based grafting procedures. The presence of electroactive species at the surface can be 
distinguished readily from other types of strong adsorption. Sonication of the electrode in 
polar and non-polar solvents removes any loosely bound or non-covalently attached 
species. 
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 The proposed mechanism of the work described in this chapter is the anodic 
oxidation of the lithium alkyne substrate, generating an alkyne radical with the loss of 
lithium ion, that forms a carbon-electrode bond (Eq. 16 and 17).  
R-C≡C-Li   –   e-   →   R-C≡C•   +   Li+ • (THF)n   (16) 
R-C≡C•   +   Electrode   →   R-C≡C−Electrode   (17) 
 The lithium ion is a good leaving group in THF, in which it is well-solvated.
30
 
The alkyne radical is an extremely reactive radical owing to its ‘sp’ radical character 
which lacks conjugation with other orbitals and places the electron deficient radical 
orbital closest to the positively charged nucleus.  This creates the greatest destabilization 
and most active form of any carbon radical. The literature on ‘sp’ radicals primarily 
stems from the studies of reactions in astrochemistry. In that field and under the 
conditions present in the interstellar medium, alkyne radicals can be formed and account 
for a variety of unique chemical transformations.
31
 Reactions that occur in the interstellar 
medium require very low activation barriers due to the virtual absence of thermal energy 
available.  
 So far, the contrast in electrochemistry between ethynyl ferrocene and lithium-
ethynyl ferrocene agrees with an irreversible oxidation occurring at the ethynyl group to 
form an alkyne radical. The question of whether or not this radical is active in forming a 
bond to the electrode is answered next. 
3.12 Electrochemistry of Ethynyl Ferrocene Modified Electrodes 
 Electrodes removed from solutions of Li-1, following either CV scans or 
controlled potential electrolysis past the potential of the -0.10 V pre-wave, showed 
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evidence for modification in fresh electrochemical solutions of dichloromethane (DCM) 
containing 0.1M [Bu4N][PF6]. The electrodes displayed surface waves characteristic of 
the ferrocene redox couple at a potential consistent with ethynyl ferrocene, E1/2 = 0.11 V 
(Figure 3.27). The wave in Figure 3.27 is characteristic of a surface bound species. The 
peak separation in a diffusion-controlled single electron transfer reaction for a solution 
analyte is greater than or equal to 56 mV.
32
 The peak separation for the wave in Figure 
3.27 is 10 mV at a scan rate of 25 mV/s. An ideal surface wave is symmetrical with a ΔEp 
of 0 V. 
 
Figure 3.27 CV of a GCE modified with 1 in DCM/ 0.1 M [Bu4N][PF6]; 1 mm GCE, ν = 0.6 V/s 
 Another diagnostic of a surface-bound species is that a linear change in current 
height with changing scan rate is expected. A surface bound species must pass the same 
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amount of charge in each CV, independent of scan rate. Thus, if the scan rate 
(volts/second) is doubled, the ‘size’ of the wave will double to pass the same amount of 
charge in half the time. For a solution wave, the amount of charge passed is dependent on 
the number of molecules that diffuse to the surface during the timeframe of the CV 
experiment, which is established by the scan rate. Therefore, solution waves have peak 
currents that vary with the square route of scan rate according to Fick’s Law of diffusion. 
 The CVs shown in Figure 3.28 are consistent with a surface-bound species in 
two critical diagnostics. First, the peak currents are directly proportional to scan rate (ν) 
rather than proportional to ν1/2, as would be true for a diffusion-controlled reaction. 
Second, the ΔEp values are much less than the 56 mV for a diffusion-controlled reaction 
involving a species in solution. The fact that the redox system is for a surface confined 
species that is strongly, most likely covalently, bound is confirmed by the extended 
sonications of the electrode in water, hexane, acetone, and DCM, which give no loss of 
the surface waves. 
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Figure 3.28 CVs of GCE modified with 1 in DCM/ 0.1 M [Bu4N][PF6]; 1 mm GCE 
 In a typical experiment, sonication was performed in acetone (5 minutes) prior 
to tests in fresh electrochemical solutions. The modified electrodes were tested both in 
dry solutions under drybox conditions and on the benchtop with ‘out of the bottle’ DCM 
with identical results. However, the modified electrodes were noticeably more stable 
when stored under nitrogen than in the ambient atmosphere. The oxidation of the surface-
bound ethynyl ferrocene by dioxygen and further reaction with dioxygen at the Cp rings 
is likely to be responsible for this. This decomposition is disfavored thermodynamically 
but the extreme concentration difference at the electrode versus the ambient atmosphere 
would lead to iron oxides over extended periods of time. 
 After electrode modification had been established, the effect of electrolysis time 
and number of CV scans on the observed surface coverage was explored in a solution 
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containing 5.0 mM Li-1. The continued scanning of the electrode or extended electrolysis 
time in Li-1 solutions generates a larger number of radicals, which may form multilayers 
at the electrode by attacking already bound surface molecules (Scheme 3-15). This results 
in a larger current signal in the modified electrode, indicative of greater surface coverage. 
 
Scheme 3-15 
 Shown in Figure 3.29 is the effect of changing the electrolysis time. The CVs 
held at the electrolysis potential (0.6 V) for longer periods of time show larger currents 
when the modified electrode is transferred to a clean electrolytic solution. The 
quantification of this effect is given in Table 3.1. The dashed link in Figure 3.29 deserves 
mention. Labelled as arising from an electrolysis time of 0 sec, it refers to the pure GCE 
being placed in the Li-1 solution for two minutes without application of an applied 
potential. There is a small amount of grafting of 1 onto the electrode under these 
conditions, possibly arising from “spontaneous” oxidation of Li-1 by the carbon surface. 
The surface coverage obtained in this way was 1.24 x 10
-10
 mol/cm
2
 or 0.3 layers. 
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Figure 3.29 CV of GCE modified with 1 in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 A similar trend of increased coverage upon consecutive CV scans through the 
oxidation of Li-1 to furnish higher coverage was established, as shown in Figure 3.30 and 
tabulated in Table 3.1. 
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Figure 3.30 CVs of GCE modified with 1 in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 The surface coverages were determined by integrating the areas under the 
background-corrected CV curves as shown in Figure 3.27, and using the resulting charge 
in Eq. 18 to give the surface coverage, Γ. The charge was always determined by 
integration under the oxidative portion of the surface wave unless otherwise stated. This 
is indicated in Figure 3.27 as the gray fill designated ‘Fe(II) to Fe(III)’. 
Γ   =   Q / (n•F•A)   (18) 
Where: 
Γ = surface coverage, mol/cm2 
F = Faraday constant, 9.6485 x 10
4
 C/mol 
n = number of electrons 
Q = charge, C 
A = electrode area, cm
2
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Table 3.1 Surface coverage of ethynyl ferrocene 
Electrolysis 
time (s)
a Layers
c
Consecutive 
Scans
b
Scanning 
Time
Layers
c
5 1.20 1 18 1.69
15 1.35 2 36 2.41
45 1.79 5 90 4.03
90 5.20 10 180 7.25
300 10.70
a: Electrolysis potential at 1.6 V vs Ag/AgCl
b: Switching potential at 1.6 V vs Ag/AgCl
c: Layers vs Ferrocene Monolayer, Ref. 33  
 The number of monolayers (Table 3.1) was then calculated from the ratio of Γapp 
compared to the idealized value of Γ = 4.5 x 10-10 mol/cm2 for a ferrocene monolayer.33 
Clearly, multilayer surface coverage (up to the equivalent of 7-10 layers) could be 
achieved with extended electrolysis times or numbers of CV scans. The potential of the 
modified electrodes was confirmed with the internal standard decamethyl ferrocene, Fc*. 
The potential of the electrode was most consistently found ca. 0.09-0.11 V (Figure 3.32). 
The potential of the electrode in Figure 3.31 is 0.10 V (surface coverage of 7.6 x 10
-10 
mol/cm
2
, ~1.7 layers), in close agreement with the potential of homogeneous 1 in the 
same medium, namely, 0.11 V.  
 The ΔEp values for the modified electrodes are shown in Figure 3.33. The trend 
for increasing peak separation with higher coverage is likely an artifact of the cell 
resistance. Resistance is proportional to current and higher coverage gives greater current 
values by default. 
  
142 
 
Figure 3.31 SWV of GCE modified with 1 in a solution containing 2 mM decamethyl ferrocene in DCM/ 
0.1 M [Bu4N][PF6]; 1 mm GCE, 60 Hz. Inset is a CV of the solution 
 
Figure 3.32 Potential of the modified electrode versus surface coverage, values from Table 3.1: continuous 
scans (black diamonds), electrolysis time (gray squares), spontaneous modification (triangle) 
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Figure 3.33 Peak separation versus surface coverage for modified electrodes in DCM and 0.1 M 
[Bu4N][PF6]; values determined at ν = 0.5V/s 
 CVs for the electrodes, from which the data compiled in Table 3.1, Figure 3.32 
and Figure 3.33 were taken, are shown below in Figure 3.34 and Figure 3.35. The small 
pre-peak at the highest coverage surface wave in Figure 3.35 is due to charge-trapping of 
the decamethyl ferrocene, Fc*, in the dense layers of the modified electrode.
34
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Figure 3.34 CVs of GCEs modified with 1 in a 2 mM decamethyl ferrocene solution in DCM/ 0.1M 
[Bu4N][PF6]; 2 mm GCE, 0.5 V/s; vertical axis is centered at 0.10 V 
 
Figure 3.35 CVs of GCEs modified with 1 in a 2 mM decamethyl ferrocene solution in DCM/ 0.1M 
[Bu4N][PF6]; 1 mm GCE, 0.5 V/s; vertical axis is centered at 0.10 V 
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 The wave shapes of the modified electrodes support a slight repulsive 
interaction between the iron centers. The full width half-height maximum (FWHM) 
(Scheme 3-16) for an ideal non-interacting surface species is 90 mV.
32
 The observation of 
FWHM greater than 90 mV and an increase in the separation with surface coverage is in 
agreement with a repulsive interaction between the iron centers upon oxidation. A similar 
effect has been observed on ferrocene electrodes with a bond directly from the Cp ring to 
the electrode.
23 
In the same study when the ferrocene was linked to the electrode with an 
aliphatic chain the wave for ferrocene became remarkably sharper. This is in agreement 
with flexibility allowing for more favorable rearrangements during electron transfer and 
possible attractive forces between within the aliphatic chain. 
 
Scheme 3-16 
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Figure 3.36 Full width half-height maximum (FWHM) versus surface coverage for modified electrodes in 
DCM/ 0.1 M [Bu4N][PF6]; values determined at ν = 0.5V/s 
 
3.13 Inhibition of Electron Transfer of Modified Electrodes 
 A well-known property of modified electrodes is the inhibition of electron 
transfer between the electrode and solution analytes, this is commonly referred to as 
‘blockage’.35,36 As the deposited layer increases there are fewer ‘pinholes’ to afford 
communication between the electrode and the solution (Scheme 3-17).
37
 The blockage in 
Figure 3.35 is particularly pronounced, where significant inhibition of the solution Fc* 
redox couple is observed at the higher coverages and the Fc* wave becomes increasingly 
distorted. 
 
Scheme 3-17 
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 As to the nature of the bond between electrode and substrate, the exact nature of 
the grafted layers is unknown. Possible structures within the films are shown in Scheme 
3-18. Analogous structural variations have been evoked for modification with aryl 
diazonium reductions, which form films through non-selective radical attacks.
38
 
 
Scheme 3-18 
 Important differences in the ability to inhibit electron transfer with the solution 
were observed between the multilayers formed from consecutive scanning and those from 
electrolysis time. Shown in Figure 3.37 are the results obtained from a 2 mM solution of 
Fc* in DCM/ 0.1M [Bu4N][PF6] when a GCE coated with variable levels of 1 is 
employed.  
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Figure 3.37 CVs of GCEs modified with 1 for a 2 mM decamethyl ferrocene solution in DCM/ 0.1 M 
[Bu4N][PF6]; 1 mm GCE, 5 V/s, GCEs modified by continuous scanning to 0.5 V 
 The surface coverage ranges from 7.6 to 32.6 x 10
-10 
mol/cm
2
 (1.7 to 7.3 layers) 
and the highest surface coverage completely passivates the signal for Fc* (dashed line). A 
different trend is observed in the results obtained from electrodes coated through 
extended electrolysis time. When electrodes up to a nominal 5 layers were tested, the 
electrodes were all fairly conducting up to that point (Figure 3.38). In fact, it was 
necessary to increase the scan rate to 5 V/s to clearly distinguish the effect that variable 
coverage had on electrode inhibition. At 0.5 V/s, no discernible differences could be 
distinguished between the modified electrodes (Figure 3.34). These differences are 
attributed to the structure of the different films as a result of the modification conditions. 
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Figure 3.38 CVs of GCEs modified with 1 for a 2 mM decamethyl ferrocene solution in DCM/ 0.1 M 
[Bu4N][PF6]; 2 mm GCE, 5 V/s, GCEs modified by electrolysis at 0.5 V 
 During constant electrolysis, the film maintains much better contact with 
solution radicals favoring the formation of “polymers” and an uneven distribution of 
oligomers and pinholes at the surface, idealized in Scheme 3-19. Consecutive scanning 
allows the electrode to return to an innocent potential, negative of the oxidation of Li-1. 
affording a greater amount of Li-1 to diffuse close to the electrode surface, uninhibited by 
participation in further attack at modified species. Similarly, in electrode modification 
using the oxidation of ethynyl Grignard reagents, the surface did not undergo further 
modification when charge was not being passed.
39
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Scheme 3-19  
3.14 Conclusion 
 The anodic oxidation of Li-1 furnished chemically modified electrodes which 
are robust to sonication in both polar and non-polar solvents, and survive extended 
scanning of the surface wave suggesting covalent attachment to the electrode surface. 
The new method behaves similar to other radical grafting procedures in terms of multi-
layer formation dependent on increased electrolysis, inhibition of the electrode, and the 
general behavior of the surface species: peak currents proportional to scan rate and ΔEp 
values less than 56 mV. 
  Electrodes modified with 1 survived up to a 100 scans while maintaining a good 
surface signal. This stability was sufficient for the routine analysis of the electrodes. The 
topic of stability will be addressed again in Chapter 7 when comparisons of the different 
ferrocene to electrode linkers are examined. The spontaneous modification of ethynyl-
lithium compounds is also discussed in detail there. 
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 In summary, the alkyne radical is of significantly high reactivity to form a 
covalent attachment to an atom at ‘inert’ electrode surfaces. The modification of glassy 
carbon, gold, and platinum electrodes was accomplished by applying potentials sufficient 
to oxidize Li-1. The observed potential of Li-1 in homogeneous solution is in agreement 
with expectations. It is proposed that the oxidation of the ferrocene moiety proceeds first, 
followed by irreversible electron transfer with loss of Li
+
 to yield the alyne radical. In this 
model, the ferrocenium species oxidizes the lithium alkynyl-carbon bond through an 
intramolecular electron transfer. The major products of the reaction of the alkyne radical 
with the solution are the regeneration of the neutral 1 and modification of the electrode 
surface. 
  This new electrode modification procedure takes advantage of the terminal 
alkyne moiety as a linker between the substrate and electrode. A general method to attach 
molecules using this linker has not been described in the literature. The success of these 
experiments was explored with a number of ferrocene compounds bearing a terminal 
alkyne in the following chapter to better understand the grafting procedure.  
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Chapter 4: Electrode Modification of Ethynyl Ferrocene Derivatives and Electrolyte 
Studies 
4.1 Introduction 
 Following the success of Li-1 oxidation to furnish chemically modified 
electrodes, the scope of suitable molecules for this reaction was explored. The following 
chapters represent a range of compounds bearing a terminal alkyne that were successfully 
prepared and employed in modification experiments. The terminal alkyne proved to be an 
excellent moiety due to the number of accessible synthetic strategies for inclusion in 
desired substrates and for providing an acidic proton, which allowed for rapid lithiation. 
Experiments with other lithium species, e.g. lithio-ferrocene, lithio-naphthalene, lithio-
cymantrene, etc., did not yield easily characterized modified electrodes. The cause of 
failure for these compounds to modify electrodes is unknown.  
 The trend of employing well-known electroactive molecules to establish 
modification was continued and extended to derivatives of cobaltocenium and 
cymantrene, Chapters 5 and 6. Experiments examining the nature of the grafting 
procedure were carried out with ferrocene derivatives due to their synthetic availability 
and simple redox chemistry. Results with the ferrocene derivatives 2, 15, 17, 18, and α- 
and β-ethynyl bis(fulvalene)di-iron (BFD) are discussed in this chapter. Electrolyte 
effects at electrodes modified with BFD were studied with [Bu4N][PF6] and 
[Bu4N][TFAB]. The effects observed in these electrodes with the dinuclear BFD was 
explored further with electrodes bearing the mononuclear ethynyl ferrocene. The 
electrolyte effects are probed under a variety of solution conditions.  
 157 
 
4.2 Ether-linked Ethynyl Ferrocene 
The strong electronic communication between the alkyne and iron center was 
considered a possible factor in the electrochemistry of Li-1. The communication of the 
alkyne in 1, as discussed earlier, is evidenced by the range of potentials for substituted 
ethynyl ferrocenes spanning 0.22 V between electron withdrawing and electron releasing 
substituents (Table 4.1).
1
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Table 4.1 Potentials for Substituted Ethynyl Ferrocene Derivatives, CpFe(C5H4)C2R 
R E1/2
SiMe3 0.00
GeMe3 0.00
Me 0.04
Ph 0.06
t -Bu 0.05
I 0.09
CPh2(OH) 0.10
CPh2(OMe) 0.10
H 0.11
C(O)Me 0.20
CO2Et 0.21
CHO 0.22
Potentials (V)
 
The first oxidation of Li-1 at Ep = -0.10 V agrees with this trend, and a strong 
electron releasing effect on the iron center following lithiation. An ether linker was 
proposed as a non-conjugated link between the alkyne and the iron center. To this end, 
compound 2 was explored (Scheme 4-1). In the following sections the electrochemistry 
of ferrocene with an ether linker will be investigated to better under the chemistry of the 
non-conjugated linker. 
 
Scheme 4-1 
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4.3 Ferrocene with an Ether Linked Terminal Alkyne, 2 
Compound 2 was successfully synthesized by Dr. Kevin Lam in our laboratory. 
The synthesis takes advantage of inexpensive, commercial reagents, namely acetyl 
ferrocene and propargyl bromide, and utilizes standard organic reactions. Starting from 
the ketone, compound 2 can be prepared following reduction to an alcohol by sodium 
borohydride and coupling of the subsequent alkoxide with propargyl bromide (Scheme 
4-2).  
 
Scheme 4-2 
 The 40% yield of 0.51 g of 2 was sufficient for our needs, given that a 
modification experiment can be performed with less than 10 mg of material. A typical 
experiment is performed in an electrochemical cell having a main chamber of 6 mL of 
solvent and an analyte concentration of 4 mM. Thus, 6.4 mg of compound 2 would be 
necessary for a lithiation experiment. 
 Prior to the results with 2, the electrochemistry of a different—structurally-
similar—ferrocene is discussed. Compound 15 has several practical advantages over 2. 
Compound 15 has significant H---π bonding interactions making it a solid at room 
temperature whose crystal structure has been previously determined.
2
 The orientation of 
15 in the solid state is depicted on the right hand side in Scheme 4-3. This structure will 
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be used later for comparison against the ether-ferrocenium structure determined here: 
15[SbCl6]. 
 
Scheme 4-3 
4.4 Electrochemistry of 15 
 To test the communication in the ether linker the electrochemistry of 15 and 15-
TMS was performed. Remembering that the potentials for 1 and 1-TMS are 0.11 and 0.00 
V respectively (Table 4.1), the oxidation potentials for 15 and 15-TMS were both found 
to be -0.01 V in same media: DCM/ 0.1M [Bu4N][PF6]. The lack of a shift in the E1/2 
potentials for the ether derivatives is indicative of the expected weak communication 
provided by the linker. 
 
 Furthermore, a weaker metal-alkyne interaction suggests a more stable cation 
than ethynyl ferrocenium, 1
+
. The cation of 1 is prone to nucleophilic attack, for example 
decomposition to the dimer (Scheme 4-4).
3,4
 For this reason attempts to isolate 1
+
 by 
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chemical oxidation as described in the previous chapter were unsuccessful and multiple 
product waves were observed in CVs of the isolated material (Section 3.3).  
 
Scheme 4-4 
 To begin, cyclic voltammetry (CV) of 15 in DCM/ 0.1M [Bu4N][PF6] at room 
temperature was performed and shows a well-behaved reversible oxidation (Figure 4.1). 
Bulk electrolysis confirms the oxidation as a one-electron process. CVs of the solution 
following electrolysis at an applied potential, Eapp, of 0.4 V are characteristic of the 
generation of a stable ferrocenium derivative. Back electrolysis to the neutral complex 
returns 85% of the expected charge for a completely reversible electron transfer reaction 
(Figure 4.2).  
 162 
 
Figure 4.1 CV of 6.0 mM 15 in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
The number of coulombs expected in the bulk electrolysis for 3.7 mg of 15 and a 
single electron oxidation is -1.42 coulombs (C). The coulomb count is determined from 
Faraday’s constant (Eq. 19). The bulk electrolysis returned -1.4 C in good agreement with 
the one-electron oxidation expected for a ferrocene Fe(II/III) couple. In the oxidized 
solution, the wave for 15
+
 (dashed line in Figure 4.2) has decreased current height 
attributed to some loss of starting material and an increased diffusion coefficient for the 
oxidized species. The waves in the CV following re-electrolysis back to a neutral solution 
(Eapp = -0.6 V and 1.2 C passed) have increased current height compared to the oxidized 
solution. This is consistent with a higher diffusion coefficient for 15 versus that of 15
+
. It 
is also possible that the cation is poorly soluble and a degree of precipitation of the cation 
is responsible for the reduced current in the oxidized solution. 
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Q = F•n•mol     (19) 
Where: 
Q = charge, C 
F = Faraday’s constant, 96,485 C/mol 
n = number of electrons  
mol = moles 
 
Figure 4.2 CV of 6.0 mM 15 in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCE, 0.2 V/s, prior to electrolysis 
(black), after -1.4 C passed (gray ---), after re-electrolysis of 1.2 C (gray) 
 Testing the electrochemistry of 15 in the same solution as the modification 
experiments, THF/ 0.1M [Bu4N][PF6], maintains the reversibility, one-electron oxidation, 
and stability on the bulk electrolysis time scale that was observed in the DCM media. 
THF is a significantly more donating solvent, thus increasing its coordination towards 
electron-deficient compounds, and the survival of 15
+
 under these conditions suggests 
both that the non-lithiated form of 15
+
 does not participate in electrode modification, and 
that the 15
+ 
salt might be isolated. The reversibility of 15 is quantified by comparing the 
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coulomb count from the anodic electrolysis to oxidize 15 to 15
+
 (Qa) and the cathodic 
electrolysis to re-reduce the solution back to 15 (Qc). These values are in very good 
agreement (Qc/Qa = 0.96) and the 15/15
+
 couple can be said to be highly reversible under 
these conditions. Inspection of the CVs (Figure 4.3) and LSVs (Figure 4.4) obtained from 
this experiment are indicative of that high degree of reversibility. The scans before and 
after anodic electrolysis and cathodic electrolysis back to the neutral have good overlap. 
 
Figure 4.3 CVs of 2.4 mM 15 in THF/ 0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s, before electrolysis 
(black), after anodic electrolysis (gray - - -), and after cathodic re-electrolysis (gray) 
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Figure 4.4 LSVs of 2.4 mM 15 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.5 mV/s, before electrolysis 
(black), after anodic electrolysis (light gray), and after cathodic re-electrolysis (dark gray) 
4.5 Chemical Oxidation of 15 
 Crystals of 15
+
 were obtained by chemical oxidation of 15 with thianthrene 
hexachloroantimonate [C12H8S2][SbCl6].
5
  The salt was poorly soluble in DCM, and if 
left standing overnight at cold temperatures, bright blue crystals of 15[SbCl6] could be 
obtained. The molecular structure determined from X-ray diffraction is shown in Figure 
4.5. 
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Figure 4.5 Molecular structure of 15[SbCl6] with thermal ellipsoids drawn at 30% 
 The orientation of the Cp rings adopts a slightly staggered conformation, ~8
o
 
(Scheme 4-5). Bond lengths for 15[SbCl6] are described in Table 4.2 with the numbering 
scheme in Figure 4.6. 
 
Scheme 4-5 
 167 
Table 4.2 Bond lengths for the molecular structure 15[SbCl6] 
Bond Distance (Å) Bond Distance (Å)
CC 21 23 1.186 FeC 2 16 2.065
CC 15 20 1.399 FeC 2 12 2.068
CC 12 17 1.406 FeC 2 20 2.082
CC 12 16 1.410 FeC 2 10 2.087
CC 15 16 1.425 FeC 2 17 2.091
CC 17 20 1.411 FeC 2 11 2.093
CC 11 14 1.431 FeC 2 13 2.099
CC 10 13 1.436 FeC 2 14 2.102
CC 13 14 1.437 FeC 2 9 2.090
CC 9 11 1.440 FeC 2 15 2.065
CC 9 10 1.452 SbCl 1 7 2.351
CC 10 19 1.501 SbCl 1 8 2.354
OC 18 22 1.441 SbCl 1 4 2.367
OC 18 19 1.449 SbCl 1 5 2.368
CC 21 22 1.500 SbCl 1 3 2.370
SbCl 1 6 2.367
Atom #s Atom #s
 
 
Figure 4.6 Molecular structure of 15[SbCl6] 
 The reported crystal structure of neutral 15 has an acetylenic C≡C bond length 
of 1.186 Å.
2 
This bond length in 15
+
 is unchanged. The major structural change that 
occurred going from the neutral to oxidized species is the movement of the ether linker to 
a position parallel to the ferrocenium moiety.  As a result, the π---H interactions present 
in the neutral complex are greatly diminished. In the structure of 15[SbCl6], a number of 
hydrogen bonding interactions are apparent between the hydrogens at the Cp ring and the 
ether linker to the chlorine atoms of [SbCl6] (Scheme 4-6). The highlighted hydrogen 
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atoms have H---Cl distances between 2.9 and 3.5 Å. The combined van der Waals radius 
for H and Cl is 2.95 Å representing a conservative limit for hydrogen bonding.
6
 By far 
the longest hydrogen bond in the molecular structure is the acetylenic hydrogen which is 
separated from Cl(7) by 3.44 Å. This value is in close agreement for Cl
-
 to C≡C-H 
hydrogen bonds of 3.57(3) determined from a database of organometallic crystal 
structures.
7
 This conformation suggests the H---Cl interactions are more favored than the 
H---π interactions that are responsible for the crystal structure of the neutral species 
(Scheme 4-7).
2
 
 
Scheme 4-6 
 
Scheme 4-7 
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 Infrared spectroscopy on the neutral and oxidized forms of 15 supports the 
assignment of the ferrocenium and the weak interaction between the iron center and the 
alkyne by comparison of the alkyne stretching frequencies (Figure 4.7). 
 
Figure 4.7 Infrared of 15 (black) and 15[SbCl6] (gray) in the -C≡C- stretching region 
 In contrast to the shift observed in 1 going to 1
+
, where the frequency shifted 14 
cm
-1
 to a higher wavenumbers, the same band for 15
+
 shifts by 4 cm
-1
 to lower 
wavenumbers (2121 to 2117 cm
-1
). Although the negative shift is contradictory to what is 
commonly observed upon oxidation, where electron-deficient molecules lose electron 
density in their π* anti-bonding orbitals resulting in stronger vibrational frequencies, the 
more important point is that the shift is minor in magnitude. This confirms the weak 
interaction between the iron center and the alkyne. Confirmation of the ferrocenium 
oxidation state is seen in the C-H bending region of the infrared (Figure 4.8). 
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Figure 4.8 Infrared of 15 (gray) and 15[SbCl6] (black) in the bending region 
 Upon oxidation of the parent compound ferrocene to ferrocenium many of the 
peaks in the bending region are diminished, save a few which do not change in intensity 
and move to higher wavenumbers.
8
 The change in the spectra between 15 and 15
+
 is 
consistent with this description. The characteristic peaks in the spectrum of 15
+
, are the 
peak at 650 cm
-1
, characteristic of a -C≡C-H bend, the peak at 854 cm-1, a perpendicular 
C-H bend of the Cp rings, and the 1088 cm
-1
 peak which is an asymmetric ring breathing 
mode.
9
 The perpendicular C-H bend typically shifts ca. 30-50 cm
-1
 to higher wavenumber 
upon oxidation.
8
 This assignment here is complicated by the large number of peaks in the 
same region for neutral 15, which is attributed to the greater number of alkyl bonds in the 
ether linker which share peaks in this same region. If the peak at 808 cm
-1
 in the neutral 
 171 
spectra corresponds to the diagnostic perpendicular C-H bend, then the shift after 
oxidation would be 46 cm
-1
, consistent with an iron-based redox center in 15/15
+
.  
 Taken together, the electrochemistry, X-ray structures, and IR spectra of 15 and 
15
+
 confirm the non-conjugated nature of the ring to alkyne bond in 15 versus that of 1. 
These observations are relevant to the electrochemistry of the lithiated ether derivatives 
detailed next. Successful modification with the ether linker will suggest that strong 
electronic communication with the iron center is not a prerequisite to electrode 
modification. The next section describes experiments with the original ether derivative, 
compound 2. Electrode modifications with 15 are compared later in this chapter with 
other ether-linked ferrocenes with added substituents close to the terminal alkyne 
(Section 4.11).  
4.6 Electrochemistry of Li-2 
 CVs of the lithio solution of 2 are consistent with the weaker electronic 
communication of the terminal alkyne (Figure 4.9). The resolved pre-wave of Li-1 
(Figure 3.10) is replaced by a shoulder on the rising portion of the oxidation wave in Li-2 
(Figure 4.9). The shoulder is highlighted in the inset picture with a gray fill. The 
partially-reversible wave at more positive potentials is attributed to either the anodic 
generation of 2 or incomplete lithiation. The ex situ lithiation of 2 was accomplished in a 
similar fashion to 1. Later experiments were performed with the in situ lithiation and 
similar results were obtained in both procedures.  
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Figure 4.9 CV of 4.0 mM Li-2 in THF/ 0.1M [Bu4N][PF6] at 0 
oC; 2 mm GCE, ν = 0.1V/s 
 The shape of the wave was found to change upon continuous scanning. The 
shoulder in the first scan steadily decreases concomitant with modification of the 
electrode (Figure 4.10). This reflects a decrease in the electron transfer rate between the 
electrode and solution analyte. The electron transfer is still sufficient to see the wave for 
2, but possibly insufficient for Li-2. Irreversible waves generally have slower 
heterogeneous electron transfer rates. 
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Figure 4.10 CV of 4.0 mM Li-2 in THF/ 0.1 M [Bu4N][PF6] at 0 
oC; 2 mm GCE, ν = 0.1V/s, 1st scan 
(gray), 2
nd
 scan (black) 
 After one scan, a slight decrease in the shoulder is observed (Figure 4.10). After 
twenty scans the shoulder has disappeared and only the nominal wave for 2 is observed 
(Figure 4.11). The shoulder returns if a freshly polished electrode is placed into the 
solution. 
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Figure 4.11 CV of 4.0 mM Li-2 in THF/ 0.1 M [Bu4N][PF6] at 0
o
C; 2 mm GCE, ν = 0.1V/s, 1st scan (gray), 
20
th
 scan (black) 
 The nature of the shoulder is difficult to assign due to the changes occurring at 
the electrode surface. The potential of Li-2, although it appears slightly more negative 
than the nominal oxidation for 2, can be attributed to either the electron-releasing power 
of lithiation or a fast follow-up reaction. The observed shift in E1/2 between 15 and 15-
TMS suggests the oxidation potential of Li-2 will have little to no potential shift from the 
parent oxidation of 2. The alternative description for the more negative potential of Li-2 
is for a fast follow-up chemical reaction following the electron transfer of Li-2. This 
effect would also result in the observation for the oxidation of Li-2 at the more negative 
potential. To illustrate this point, simulated CVs for the solution of Li-2 are shown next 
with the potential of 2 and Li-2 set equal to one another at E1/2 = 0 V.
10
 A shoulder is 
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observed in the simulation when a fast follow-up reaction is included, kf,RXN = 1 s
-1
. The 
follow-up reaction is described as the formation of 2 from the reaction of the oxidized 
product of Li-2 with the solvent set at a concentration of 1 M in the simulations. 
Qualitatively, the simulation reproduces the shape of the waves in experiments with Li-2. 
 
Figure 4.12 CVs of 4.0 Li-2 in THF/ 0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.1 V/s, T = 0 
o
C, simulated
10
 
(black), experimental (gray) 
 The solutions of Li-2 appear to behave similar to Li-1 save for the different 
electronic communication between the iron center and the alkynes in the two molecules. 
Based on the mechanism described for Li-1 in Chapter 3, the CVs of Li-2 suggest 
oxidation of Li-2 leads to the formation of an intermediate ferrocenium species which 
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rapidly undergoes either intra- or intermolecular oxidation of the ethynyl–lithium bond to 
form alkyne radicals. The alkyne radicals either react with the electrode surface or 
abstract hydrogen from the solvent to reform 2 (Scheme 4-8). 
 
Scheme 4-8 
4.7 Electrochemistry of Electrodes Modified with 2 
 Glassy carbon, gold, and platinum electrodes were modified by scans through 
the oxidation waves of the Li-2 solution. In fresh electrochemical solutions, electrode 
modification was indicated by a wave for the reversible ferrocene couple (see Figure 
4.13). The peak currents for the waves were proportional to scan rate and the ΔEp values 
at slow scan rates are less than 56 mV (ΔEp = 10 mV at 50 mV/s). These properties are 
consistent for a surface-confined species.  
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Figure 4.13 CV of an electrode modified with 2 in solutions of DCM/ 0.1M [Bu4N][PF6]; 2 mm Pt 
electrode, ν = 1.0 V/s 
 Solutions of Li-2 also allowed for multilayer attachment either by scanning the 
electrode repetitively or by electrolyzing the solution at a sufficiently positive potential 
for a predetermined amount of time. Figure 4.14 demonstrates how surface coverage 
changes with the number of CV scans applied through the anodic waves of the Li-2 
solution. The electrodes were modified by scanning out to a potential of 1 V. 
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Figure 4.14 Surface coverage in monolayers versus number of scans; scans made to ca. 1V from -1 V in 
4.0 mM Li-2 in THF/ 0.1 M [Bu4N][PF6], 2 mm GCE, 0.1V/s, 0 
o
C  
 The surface coverage increased per scan—essentially linearly—at a rate of one 
monolayer per scan for the first five scans. Somewhat increased coverage was still 
observed up to ten scans, after which further increases were not observed.  
 An important factor that influenced the surface coverage was the applied 
potential. Three scans to a lower potential of 0 V, or just into the shoulder of the 
oxidation wave, gave an apparent surface coverage of 1.5 layers, markedly lower than the 
3.4 layers obtained with the same number of scans to the applied potential of 1V as 
shown in Figure 4.14. The higher potentials provide a larger driving force in the reaction 
to form the alkyne radicals and higher surface coverage can be obtained.  
 Gold and platinum electrodes were modified under similar conditions of three 
scans out to 1 V. These electrodes showed lower surface coverage, specifically, 2.0 and 
1.4 layers for the gold and platinum electrodes, respectively. A glassy carbon electrode 
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submitted to the same modification conditions had a surface coverage of 3.4 layers. The 
trend in reactivity: GCE > Au > Pt electrodes, is observed in most of the electrode 
modification studied here. This point is emphasized later in Figure 4.16. 
 When the concentration of Li-2 analyte was doubled from 4.0 to 8.0 mM, the 
surface coverage increased only slightly. The surface coverage for five continuous scans 
to 1 V in a 8.0 mM Li-2 solution was 6.6 layers, whereas in a 4.0 mM solution, 5.5 layers 
were found. At three scans in either 4.0 or 8.0 mM of Li-2 the same surface coverage was 
obtained. 
 The alternative to scanning the electrodes was to electrolyze the solution at a set 
potential. Figure 4.15 shows the increase in coverage observed with increasing 
electrolysis times at an applied potential of 0.6 V. The CV for an electrode held in the 
electrochemical solution of Li-2 for 90 seconds, without applying a potential, is shown as 
a dotted gray line and is an upper limit for the “spontaneous modification” that occurs 
during these experiments. Spontaneous modification is discussed in more detail in 
Chapter 7. The surface coverage ranges from ~0.4 layers in the spontaneous modification 
up to ~2 layers after 60 seconds of electrolysis.  
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Figure 4.15 CVs of GCEs modified with 2 in solutions of DCM/ 0.1M [Bu4N][PF6]; electrolysis time (e.t.) 
at 0.6 V in 6.0 mM Li-2, THF/ 0.1M [Bu4N][PF6] at 0 
o
C. The electrode at e.t. = 0 was held in the 
electrochemical solution for 90 seconds without applying a potential 
 CVs of glassy carbon, gold, and platinum electrodes modified with 2 are shown 
in Figure 4.16. The electrodes were modified under identical conditions of a single scan 
through the oxidation waves to a potential of 0.6 V in a solution of 6.0 mM Li-2 (THF/ 
0.1 M [Bu4N][PF6]). The surface coverage corresponds to 1.0 layer on carbon, 0.9 for Au, 
and 0.4 on Pt.  
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Figure 4.16 CVs of GCE, Au and Pt electrodes modified with 2 in solutions of DCM/ 0.1M [Bu4N][PF6]; 
modified electrodes were obtained from one scan out to 0.6 V in solutions of 6.0  mM Li-2 at 0.2 V/s in 
THF/ 0.1M [Bu4N][PF6] at 0 
o
C 
4.8 Electrodes Modified with 2: Communication with Solution Analyte 
 At low surface coverage, the modified electrodes allowed for facile electron 
transfer between the electrode and solution analyte. Decamethyl ferrocene, Fc*, was used 
as a probe for possible electron transfer blockage from the modified electrode (Figure 
4.17). The electrode in Figure 4.17 has sub-monolayer surface coverage of 3.15 x 10
-10 
mol/cm
2
. 
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Figure 4.17 CV of a GCE modified with 2 in the presence of 2.0 mM Fc* (E1/2 = 0.59 V) in solutions of 
DCM/ 0.1M [Bu4N][PF6]; ν = 1.0 V/s 
 Modified electrodes with up to two monolayers of coverage showed little 
change in the electron transfer rate between the solution and electrode. The rate of 
electron transfer is apparent in the changes of the ΔEp and ip/ic values of the solution 
analyte, Fc*, versus electrodes which are not modified. Here, high scan rates were 
necessary to show the effects of decreased electron transfer between the solution and the 
modified and unmodified electrodes (Figure 4.18). 
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Figure 4.18 CV of 2.0 mM Fc* in DCM/ 0.1 M [Bu4N][PF6]; unmodified GCE (black), GCE modified 
with ~0.5 layers of 2 (gray - - -) and ~2 layers of 2 (gray), 5 V/s 
 At 5 V/s, electrodes modified with 2 layers (gray line) start to show a marked 
decrease in the homogeneous electron transfer process (i.e. blockage). The wave for Fc* 
has markedly lower peak currents, ip/ic, and a broader wave. This is illustrated by the 
unmodified electrode (black line) and modified electrode (gray line) in Scheme 4-9. The 
latter effect is quantified by the greater peak separation, ΔEp, of the oxidation and re-
reduction waves observed versus the unmodified electrode, these values are 210 and 140 
mV respectively.  
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Scheme 4-9 
 With electrodes having surface coverages that exceed two layers, the electrodes 
almost entirely inhibit electron transfer (Figure 4.19). The electrode in Figure 4.19 is 
modified with ~5 layers of 2 and the wave for decamethyl ferrocene is highly distorted. 
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Figure 4.19 CV of a GCE modified with 2 in the presence of 2.0 mM Fc* in solutions of DCM/ 0.1M 
[Bu4N][PF6]; ν = 1.0 V/s, 10 continuous scans 
4.9 Shape of the Surface Waves 
 The shapes of the surface waves of 2 are indicative of weaker interaction 
between the ferrocene centers. The full width half-height maximum (FWHM) of an ideal 
surface wave, where there is no interaction between the electroactive species at the 
surface, is 90 mV.
11
 Repulsive interactions increase the FWHM values while attractive 
interactions decrease or sharpen the wave. An example of attractive interactions is the 
van der Waals interactions in the long alkyl chains of thiols on gold. The FWHM values 
for electrodes modified with 2 are summarized in Figure 4.20. The waves are sharper 
(smaller FWHM values) at the lower surface coverage and are close to the ideal value of 
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90 mV. For comparison, the FWHM values for electrodes modified with 1 are greater 
than 140 mV even at sub-monolayer surface coverage. It is proposed that the longer 
linker in the ether derivative allows for more favorable rearrangement of the ferrocene 
following oxidation (Scheme 4-10).  
 
Figure 4.20 Full width half-height maximum (FWHM) versus surface coverage; electrodes were tested in 
DCM/ 0.1M [Bu4N][PF6]; 2 mm GCE, 0.4 V/s; inset picture depicts the FWHM in a CV of an electrode 
modified with 2 
 
Scheme 4-10 
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4.10 Summary of Electrode Modification with 2 
 The ferrocene derivative 2 was proficient at grafting to various metallic surfaces 
after lithiation and anodic oxidation. A number of separate tests were performed with 
these solutions and the electrochemistry was highly reproducible. The electrochemistry 
and spectroscopy of 2 and 15 confirms that the ether linker is adequately described as 
non-conjugated. The electrochemistry of Li-2 supports this electronic effect, as the pre-
wave for the oxidation is only slightly more negative than the parent wave for 2—a shift 
that may arise in part from the rapid loss of Li
+
 following oxidation of Li-2 and a fast 
follow-up chemical reaction. The predominant absence of peaks for a dimer in the CVs of 
Li-1 and Li-2 supports that both molecules undergo intramolecular electron-transfer 
reactions en route to the alkyne radical that leads to electrode modification (Scheme 
4-11).
12
 The peak for a dimer would be observed as a reversible couple more positive 
than the monomer. For reference, a peak ascribed for the dimer is assigned in solutions 
with a high concentration of Li-1 shown later in Figure 4.22. 
 
Scheme 4-11 
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 In conclusion, the functionalization of ferrocenyl alcohols to give an ether linked 
terminal alkyne and its successful modification experiments is a simple approach that 
opens the door for a multitude of compounds for consideration in modification 
experiments with the ethynyl-lithium oxidation method.  
4.11 Substituted Ether-linked Ethynyl Ferrocenes 
 Substituted ether-linked ethynyl ferrocenes were compared to determine the 
effect of the chemical environment around the terminal alkyne in electrode modification. 
The propargyl ether compound, 15, was tested along with two other ether derivatives: 17 
with two methyl groups at the α carbon to the terminal alkyne, and 18 having two phenyl 
groups at the α carbon to the terminal alkyne. Highlighted in Scheme 4-12 is the 
molecular structure for 12 (Chapter 2, Section 2.12) showing the steric constraints around 
a substituted terminal alkyne. This environment could possibly affect the electrode 
modification results. 
  
Scheme 4-12 
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 Electrodes were modified in 3.0 mM solutions of Li-15, Li-17, and Li-18 with 
either 1, 5, or 10 continuous scans to a potential of 0.7 V. CVs of the different lithio-
solutions are shown in Figure 4.21. The solutions were prepared using the in situ 
lithiation method by adding 1.1 eq. of n-BuLi. As expected the lithio-solutions have 
similar behavior to the electrochemistry of Li-2. Similar to Li-2, the CVs show a shoulder 
for an irreversible oxidation pre-wave followed by the emergence of the reversible couple 
for the parent compound. The re-reduction portion of the waves in all solutions increases 
upon continuous scanning attributed to the modification and building-up of material at 
the electrode surface. This is illustrated by the dashed black line in the CV for Li-15 
(bottom line in Figure 4.21) representing the tenth consecutive scan in that solution.  
 CVs of Li-18 are unusual in that they display a follow-up product at E1/2 = 0.33 
V not observed in Li-15 or Li-17 solutions. This wave is thought to represent the 
formation of the dimer of 18 made possible by stabilization of the radical with pendant 
phenyl groups. This type of wave was occasionally observed in the electrochemistry of 
very high concentrations of Li-1. Shown in Figure 4.22 are CVs of 4.0 and 8.0 mM 
solutions of Li-1. In the higher concentrated solution a couple ca. E1/2 = 0.5 V appears, 
which is not attributed to the modified electrode. Peaks due to modification tend appear 
at more negative potentials than the nominal wave for 1. The small bump between the 
prewave and the wave for 1 in the 4.0 mM Li-1 solution (gray line in Figure 4.22) is more 
typical for a modification peak. The peak at 0.5 V is attributed to the dimer whose 
emergence coincides with a higher concentration which favors dimerization.
12
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Figure 4.21 CVs of 3.0 mM Li-15 (black), Li-17 (dark gray), Li-18 (light gray) in THF/ 0.1 M 
[Bu4N][PF6]; 2 mm GCEs, ν = 0.2 V/s, shown are the first and last scan in ten continuous scans 
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Figure 4.22 CVs of 4.0 (gray) and 8.0 (black) mM Li-1 in THF/ 0.1 M [Bu4N][TFAB] at 0 
o
C; 2 mm GCE, 
ν = 0.1 V/s (Li-1 was prepared ex situ with 1 eq. of n-BuLi) 
 In Scheme 4-13, the relevant peaks for the modified electrode and the dimer are 
highlighted for the solution of 8.0 mM of Li-1. 
 
Scheme 4-13 
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 The surface coverage for the modified electrodes of the substituted ethers 
obtained from the lithio-solutions is summarized in Table 4.3. The activity of the 
different ether derivatives is exemplified in Figure 4.23 with electrodes modified with 10 
scans into their respective lithio-solutions. 
Table 4.3 Surface coverage in the electrodes modified with ferrocene ethers 
Complex R 1 5 10
15 H 1.46 5.16 9.50
17 Me 1.26 4.63 4.96
18 Ph 0.93 1.32 2.12
Surface Coverage (in units of 10
-10
 mol/cm
2
)
Number of Scans
 
 
Figure 4.23 CVs of electrodes modified with 15 (black), 17 (dark gray), and 18 (light gray) in DCM/ 0.1 M 
[Bu4N][PF6]; 2 mm GCEs, ν = 0.5 V/s 
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 Compound 18 with two phenyl groups near the terminal alkyne has the lowest 
surface coverage followed by 17 with two methyl groups. The highest coverage is 
obtained with the propargyl ether compound 15. These results do suggest that steric 
restraints around the terminal alkyne play a role in limiting the surface coverage. 
However, an electronic effect in 18 with the phenyl groups, which are often excellent 
moieties for stabilizing radicals, is a possible contributor to the low surface coverage of 
18. The potentials for 15, 17, and 18 in solution and at the electrode are summarized in 
Table 4.4. 
Table 4.4 Homogeneous and homogeneous potentials of the ferrocene ethers 
Complex R THF DCM DCM FWHM (mV)
15 H 0.02 -0.01 -0.02 111
17 Me -0.02 -0.05 -0.07 102
18 Ph 0.00 -0.02 -0.03 113
b: determined for electrodes with a surface coverage at ca. 0.5 monolayer
E1/2 potentials
a
 (V)
In solution On an electrode
b
a: with 0.1 M [Bu4N][PF6] as the electrolyte
 
4.12 α and β –Ethynyl Bisfulvalene di-iron  
 Bis(fulvalene)di-iron (BFD) derivatives with the ethynyl group at either the α or 
β position of one of the Cp rings were tested next for electrode modification. The 
compounds were supplied by Rochus Breuer and Michael Schmittel at the University of 
Siegen who employed a route similar to that reported previously for ethynyl ferrocene.
13
   
 194 
 
 BFD is an attractive complex in electrochemistry. The mixed-valence character 
of the monocation gives it superior stability under aqueous conditions compared to that of 
ferrocene.
14
 Therefore, many of the areas in which ferrocene finds applications as a redox 
couple may benefit from employing BFD. Additionally, the electronic communication in 
BFD leads to two distinct ferrocene electrochemical oxidations, BFD
0/+
 and BFD
+/2+
.
15
  
 Our interest in these compounds stems both from the more negative potential for 
the first oxidation of BFD (E1/2,BFD
0/+
 is ca. -0.3 V) and the separate redox waves. A CV 
for α-BFD is shown in Figure 4.24 displaying the two reversible oxidations of the 
biferrocenyl complex. The strong electronic communication between the two redox 
centers separates the waves by ca. 650 mV with the traditional electrolyte [PF6]
-
 and ca. 
900 mV with the weakly coordinating anion (WCA): tetrakis(perfluorophenyl)borate, 
TFAB. In biferrocene derivatives lacking electronic communication between iron centers, 
the two oxidations often appear as a single two-electron wave in the CV.
12 
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Figure 4.24 CV of 0.5 mM α-BFD in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 The electrolyte effect is illustrated in Figure 4.25, which shows the shift for the 
second oxidation by ca. 300 mV when the counter ion is switched from the smaller [PF6]
-
 
anion to the larger, less ion-pairing, TFAB (see structure below).
16
 The stronger ion 
pairing of [PF6]
-
, compared to TFAB, with the BFD dication causes the large negative 
shift of the BFD
+/2+ 
couple.  
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Figure 4.25 CVs of 0.5 mM α-BFD in DCM/0.1M [Bu4N][PF6] (gray) and 0.05M [Bu4N][TFAB] (black); 
2 mm GCE, ν = 0.2 V/s 
 
 The electrochemistry of the BFD derivatives in homogeneous solutions with 
different electrolytes is summarized in Table 4.5. For comparison for the shifts observed 
in the first oxidation to the monocation of BFD, the electrochemistry of ethynyl ferrocene 
in the same media is supplied. The potentials are referenced versus decamethylferrocene, 
Fc*. The correction back to ferrocene is not known for all of the different media studied. 
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Table 4.5 Homogeneous potentials of ethynyl ferrocene and α and β BFD compounds 
Analyte Couple
PF6 TFAB
ΔE 
(TFAB-
PF6)
PF6 TFAB
ΔE 
(TFAB-
PF6)
PF6 TFAB
ΔE 
(TFAB-
PF6)
1 0/+ 0.71 0.76 0.05 0.60 0.66 0.06 0.67 0.67 0.00
α-BFD 0/+ 0.36 0.39 0.03 0.26 0.32 0.06 0.35 0.36 0.01
+/2+ 1.02 1.34 0.32 0.82 1.04 0.22 0.99 1.02 0.03
β-BFD 0/+ 0.35 0.40 0.05 0.25 0.31 0.06 0.34 0.35 0.01
+/2+ 1.00 1.32 0.32 0.82 1.04 0.22 0.97 1.00 0.03
a: Potentials versus decamethyl ferrocene
Electrolyte Anion
Potentials (V)
a
Solvent DCM THF MeNO2
 
4.13 Electrochemistry of Li-α-BFD 
 The BFD derivatives share a similar property to ethynyl ferrocene having 
alkynes that are in good communication with the iron center(s). Therefore, the CVs of 
their lithio-solutions resemble closely those of Li-1. Shown next is a Li-α-BFD solution 
prepared using the ex situ lithiation method. CVs in the lithio-solution shows a well-
defined pre-wave for Li-α-BFD at Epa = -0.36 V that is clearly distinguished from the 
second oxidation wave (Figure 4.25). It is interesting to note that despite the quite 
negative oxidation potential of Li-α-BFD, now ca. 1 V more negative than that of the 
estimated potential for the oxidation of an ethynyl-lithium bond,
17
 the oxidation of Li-α-
BFD still results in an irreversible electron-transfer reaction characteristic of 
intramolecular oxidation concomitant with the loss of lithium and the formation of the 
alkyne radical. This is a significant barrier in potential (ca. 23 kcal/mol) and speaks to the 
high reactivity of the alkyne radical to drive the reaction forward. 
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Figure 4.26 CVs of 4.0 mM Li-α-BFD in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s, 2 
continuous scans 1
st
 scan (black), 2
nd
 scan (gray) 
4.14 Electrodes Modified with α-BFD 
 After scanning through the first pair of anodic features in the Li-α-BFD solution 
to an applied potential of 0.1 V, electrodes studied in fresh electrochemical solutions 
displayed the characteristic surface waves for the two oxidations of BFD (Figure 4.27). 
The peak currents are proportional to scan rate and the peak separation, ΔEp, values are 
less than 56 mV, for both waves the values are close to 40 mV at 0.1 V/s. The surface 
coverage could be controlled by continuous scanning of the anodic features in the Li-α-
BFD solution shown in Figure 4.26. The maximum surface coverage obtained after ten 
continuous scans was 6.3 x 10
-10
 mol/cm
2
. If an approximate monolayer of BFD can be 
described as being about 2.25 x 10
-10
 mol/cm
2
, or about half the value of a ferrocene 
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monolayer
18
 (4.5 x 10
-10
 mol/cm
2
), the experimental value suggests a nominal three layers 
of α-BFD at the electrode as the maximum coverage. 
 
Figure 4.27 CVs of a GCE modified with α-BFD is shown in DCM/ 0.1 M [Bu4N][PF6]; 2 mm GCEs, ν = 
0.1 to 1.0 V/s (0.1 V/s increments) 
 When the BFD-modified electrodes were tested in solutions containing the 
TFAB anion, a number of remarkable effects were observed: a pronounced anodic shift in 
the first and second oxidation waves, the anodic peak current of the first wave is reduced, 
the waves are noticeably broader (Figure 4.28), and, lastly, the charge integrated under 
the wave for the second oxidation is greatly diminished (Figure 4.29).  
 For example in Figure 4.28, an electrode with a surface coverage of 3.6 x 10
-10 
mol/cm
2
 determined from the first oxidation wave in the [PF6]
-
 medium has an apparent 
surface coverage of 2.8 x 10
-10 
mol/cm
2
 in solutions with the TFAB anion. In addition, 
the FWHM value increases from 149 mV with [PF6]
-
 to 240 mV with TFAB and the 
potential shifts positive by 0.1 V in the TFAB media. The wave shape returns to those 
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seen in [PF6]
-
 after tests with [TFAB], if the electrode is placed back in to the [PF6]
-
 
solution.   
 
Figure 4.28 CVs of the same electrode modified with α-BFD is shown in DCM/ 0.1M [Bu4N][PF6] (black) 
and 0.05M [Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
 Investigating the second oxidation, the charge integrated for the second 
oxidation in [PF6]
-
 solutions was typically around 70-90% of the charge integrated for the 
first oxidation. A much lower comparative value is seen with the TFAB solution. In 
Figure 4.29, whereas with [PF6]
-
 the charge in the second oxidation wave is 85% of that 
in the first oxidation, the second oxidation in TFAB is only 25% of the first oxidation. 
The charge values are taken from integration of the waves in the oxidation peaks 
illustrated in Scheme 4-14.  
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Figure 4.29 CVs of the same GCE modified with α-BFD is shown in DCM/ 0.1 M [Bu4N][PF6] (black) and 
0.05 M [Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
 
Scheme 4-14 
 The first three electrolyte effects that are apparent in the first oxidation in Figure 
4.28 are attributed to the weak ion pairing of TFAB with ions at the electrode surface. A 
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similar trend is observed in aqueous solutions with hydrophilic anions.
19
 The significant 
decrease in the charge passed in the second oxidation with TFAB anion, however, is 
considered an artifact of the steric limitations at the surface and the larger size of the 
TFAB anion.  
 This point is emphasized in Scheme 4-15 comparing the environments of the 
dication with [PF6]
-
 and TFAB. It is proposed that the significant bulk of the anion 
prevents complete ion pairing at the electrode surface. A similar effect is observed with 
self-assembled monolayers (SAM) of ferrocene on gold when the electrolyte is an anionic 
surfactant.
20
 In that case, the surfactant forms micelles which perturb the available ion 
pairing at the electrode—suggesting a model for our observations with TFAB (Scheme 
4-16).  
 
Scheme 4-15 
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Scheme 4-16 
 Tests with an electrode having a lower coverage of BFD show a less pronounced 
anion effect in the second oxidation. This is in agreement for more room available at the 
electrode allowing for a greater effective pairing to occur. An electrode modified 
spontaneously by the Li-α-BFD medium, a phenomenon which has shown no tendency to 
form multi-layers, was investigated for this purpose. Spontaneous attachment was 
achieved by leaving the electrode standing in the electrochemical cell for 10 minutes 
described in Figure 4.26. An electrode modified in this way has a surface coverage of 1.4 
x 10
-10
 mol/cm
-2
. This value, determined in a [PF6]
-
 medium, is in good agreement for 
providing half the coverage obtained with spontaneous ethynyl ferrocene modification, 
which was ca. 2-3 x 10
-10
 mol/cm
2 
(Chapter 7). The lower surface coverage with the BFD 
electrode reflects the ‘doubled’ size of the dinuclear BFD molecule compared to that of a 
mononuclear ethynyl ferrocene compound.  
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 With this electrode, there is a 13% loss of charge in the first oxidation wave 
going from [PF6]
-
 to TFAB and the second oxidation in TFAB has 50% of the charge as 
its first wave in TFAB (Figure 4.30). This is a marked increase from 25% obtained with 
an electrode having a nominal three layers of coverage (Figure 4.29).  
 
Figure 4.30 CVs of the same electrode modified with α-BFD is shown in DCM/ 0.1M [Bu4N][PF6] (black) 
and 0.05M [Bu4N][TFAB] (gray); 2 mm GCE, ν = 1.0 V/s 
 The change in FWHM values in [PF6]
-
 is 152 and 148 mV for the 1
st
 and 2
nd
 
oxidations, respectively, and 231 and 185 mV in TFAB. The decreased FWHM value in 
the 2
nd
 oxidation with TFAB is observed with the higher coverage electrode above as 
well, the 1
st
 oxidation was 240 mV and 204 mV for the 2
nd
 oxidation. A decrease in 
FWHM values between the 1
st
 and 2
nd
 oxidation suggests a lower amount of a ferrocenyl 
center is oxidized in the 2
nd
 oxidation. The lower amount of oxidized species in the 2
nd
 
oxidation is proposed to decrease the electronic repulsion between the electroactive 
centers lowering the FWHM value.  
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4.15 Tests with Other Electrolyte Anions 
  The effect the counter anion had on the behavior of the modified electrodes was 
tested with a number of other tetrabutylammonium anions in DCM. These results are 
summarized in Table 4.6. The electrolytes were tested at a concentration of 0.1 M and the 
potentials are versus the internal reference standard decamethyl ferrocene, Fc*. CVs of 
the solutions were used to compare potentials, FWHM values, and the charge passed in 
the 1
st
 (Q1) and 2
nd
 (Q2) oxidation waves. It is worth noting that the effect of increasing 
the concentration of the electrolyte [Bu4N][TFAB] to 0.1 M in these experiments (Figure 
4.31) appears to enhance the TFAB effects observed previously at 0.05 M (Figure 4.30). 
The 2
nd
 oxidation wave to form BFD
2+
 has greatly reduced anodic current in 0.1M 
[Bu4N][TFAB]. 
 
Figure 4.31 CVs of the same electrode modified with α-BFD is shown in DCM/ 0.1M [Bu4N][ClO4] 
(black) and 0.1M [Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
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Table 4.6 Electrodes modified with α-BFD in different electrolyte solutions 
Anion E1/2,1
a
FWHM1
b
E1/2,2
a
FWHM2
b Charge 'Q2/Q1' (%)
ClO4 0.32 172 0.91 171 100
CF3SO3 0.34 180 0.94 173 96
PF6 0.36 169 0.99 161 92
TFAB 0.45 290 1.31 258 10
c
Br 0.30 170
BF4 0.34 168
BPh4 0.38 170
a: volts vs Fc*
b: millivolts
c: estimated  
 The results with different anions support the observations made between PF6 
and TFAB described in the previous section. The [ClO4]
-
 anion which has no change in 
its FWHM values between the 1
st
 and 2
nd
 oxidation also has no change in the charge 
integrated under the oxidation peaks. Therefore, the electronic repulsion between 
ferrocene centers is maintained in both oxidations consistent with the same number of 
electroactive centers oxidized in the BFD’s mono- and dication oxidation waves. The 
other anions, [CF3SO3]
-
, [PF6]
-
 and TFAB, which also allowed for study of the 2
nd
 
oxidation, showed a decrease in FWHM values concomitant with a decrease in charge 
integrated under the 2
nd
 oxidation wave.  
 This anion affect is outlined in Scheme 4-17. As the number of oxidized sites 
increases (left hand side of Scheme 4-17), the repulsion between adjacent ferrocenium 
leads to a broadening of the waves in the CV scans (right hand side of Scheme 4-17). The 
TFAB anion is shown as an example.  
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Scheme 4-17 
 The final three anions tested [Br]
-
, [BF4]
-
, and [BPh4]
-
 behaved poorly and the 
study of the second oxidations were inaccessible. The anions either strongly interacted 
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with the second oxidation or could not be reached due to the smaller potential window of 
the anion. The values obtained for the 1
st
 oxidation are reported. 
4.16 Electrochemistry of β-BFD 
 The β-derivative has similar electrochemistry to that of its α-isomer. In the case 
of β-BFD, the in situ lithiation was used to prepare the lithio-solution. The pre-wave here 
is slightly less pronounced than in the case of Li-1 or Li-α-BFD. Although this was 
observed sometimes in the case of in situ lithiation experiments, the pre-wave is still 
more pronounced than with any of the ether derivatives suggesting strong communication 
between the alkyne and iron center. BFD derivatives with functional groups at the β-
position are known to have less commmunication with the iron center than the α-isomer 
and this may contribute to the reduced prominence of the prewave.
21
  
 
 
Figure 4.32 CVs of 3.0 mM β-BFD (gray) and after 1 eq. of added n-BuLi (black) in THF/ 0.1M 
[Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s 
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 Electrodes were modified by successive scans to 0.15 V into the first anodic 
features of the Li-β-BFD solution. An electrode modified by ten consecutive scans into 
this region is shown next in [PF6]
-
 and TFAB (Figure 4.33). The surface coverage of the 
electrode is 4.71 x 10
-10 
mol/cm
2
 in [PF6]
-
 and 4.23 x 10
-10 
mol/cm
2
 in TFAB. The second 
oxidation have 77% and 10% of the charge observed in their first oxidations in [PF6]
-
 and 
TFAB solutions respectively. The FWHM values of the 1
st
 and 2
nd
 oxidation in [PF6]
-
 are 
160 and 191 mV and the FWHM value of the 1
st
 oxidation in TFAB is 275 mV. The 
second oxidation is poorly behaved with TFAB and the FWHM value was not 
determined. Although very similar, electrodes modified with β-BFD do have important 
differences in their behavior from electrodes modified with α-BFD (Figure 4.30) in the 
same electrolyte solutions. 
 
Figure 4.33 CVs of a GCE modified with β-BFD in DCM/ 0.1 M [Bu4N][PF6] (black) and 0.05 M 
[Bu4N][TFAB]; 2 mm GCEs, ν = 0.5 V/s 
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 The differences in the trend of FWHM values and the lower currents in the 2
nd
 
oxidation with β-BFD compared to α-BFD is attributed to the different bonding to the 
electrode surface in the BFD derivatives. With electrodes modified by α-BFD the 
electrode can be modelled with both iron centers facing upwards away from the electrode 
to the solution (Scheme 4-18). In electrodes modified with β-BFD only one of the iron 
centers faces the solution, and ion pairing with the second iron center in β-BFD2+ requires 
the second TFAB anion to diffuse closer to the electrode surface (Scheme 4-19). This 
model may explain the lower charge observed in the second oxidation of the β-BFD 
modified electrodes in TFAB solutions and the increasing FWHM values going from the 
monocation to the dication.  
 
Scheme 4-18 
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Scheme 4-19 
 An interesting CV response was observed in electrodes modified with β-BFD 
when the vertex delay at the switching potential was increased. While there is often no 
vertex delay in a standard CV experiment, when the vertex delay at the switching 
potential was increased, an increase in the re-reduction of the 2
nd
 oxidation was observed 
(Figure 4.34). A slow ion-pairing equilibrium on the time scale of almost a minute is one 
possibility for this observation, but more data will be necessary to test the idea. An ion-
pairing reaction on this time scale would be quite remarkable. 
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Figure 4.34 CVs of an electrode modified with β-BFD in DCM/ 0.05M [Bu4N][TFAB]; 2 mm GCEs, ν = 
0.5 V/s, increasing vertex delay: 0, 10, 20, 30, and 60 seconds 
4.17 Electrolyte Effects with Electrodes Modified with Ethynyl Ferrocene  
 Ethynyl ferrocene, 1, modified electrodes were tested next and a similar shift in 
the oxidation potential and broadening of the wave was observed in the different 
electrolytes. The results with ethynyl ferrocene are represented in Figure 4.35 to Figure 
4.37. The first two figures are of an electrode modified with 1 at little over a monolayer’s 
worth of coverage, 4.96 x 10
-10 
mol/cm
2
. In Figure 4.37 the results with an electrode 
modified with greater coverage is examined. 
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Figure 4.35 CVs of the same electrode modified with 1 is shown in DCM/ 0.1 M [Bu4N][PF6] (black) and 
0.05 M [Bu4N][TFAB] (gray); 1 mm GCE, v = 0.5 V/s 
 
Figure 4.36 CVs of the same electrode modified with 1 is shown in DCM/ 0.1 M [Bu4N][PF6] (black) and 
0.05 M [Bu4N][TFAB] (gray), 1 mm GCE, v = 0.5 V/s; Fc* added 
 At the monolayer level, the charge integrated under the oxidation peaks did not 
alter going from [PF6]
-
 to TFAB solutions. However, the FWHM values increase from 
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178 to 322 mV, and the potential shifts ca. 0.09 V to an E1/2 equal to 0.19 V (E1/2 = 0.10 
V in [PF6]
-
). At an electrode modified with 1 having greater surface coverage, 4.82 x 10
-9 
mol/cm
2
 or a nominal 11 layers in DCM/ 0.1M [Bu4N][PF6], only 80% of the charge is 
observed in the TFAB solution (Figure 4.37). The FWHM values increase from [PF6]
-
 to 
TFAB from 247 to 294 mV, respectively, and the potential shifts approximately 0.13 V 
from 0.08 in [PF6]
-
 to 0.21 V in TFAB. 
 
Figure 4.37 GCE modified with 1 in DCM/ 0.1 M [Bu4N][PF6] (black) and 0.05 M [Bu4N][TFAB] (light 
gray), v = 0.1 V/s, added Fc*; blank electrode of [PF6] solution added to show blockage effect (dark gray) 
 Changes of this type have been observed in the CV response of all electrodes 
modified with ferrocene derivatives tested in DCM with [PF6]
- 
and TFAB electrolytes to 
date. These tests offer insight into the ion pairing that occurs at the electrode interface, 
phenomena that are not fully understood.   
4.18 Tests with [PF6]
-
 and TFAB Electrolytes in Different Solvents 
 The severe broadening of the surface waves by ca. 100 mV, reduced anodic 
currents, and the potential shifts in the E1/2 to more positive potentials with the TFAB 
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versus the [PF6]
-
 anion were investigated further with donor (THF) and polar 
(nitromethane) solvents. The TFAB anion has a number of characteristics besides being a 
weakly coordinating anion, it also suffers from steric restraints and a high degree of 
lipophilicity which sets it apart from traditional electrolytes such as [PF6]
-
. The higher 
degree of solvation of the anion disfavors ion pairing with the surface, a process that 
requires desolvation of the anion. 
 The solvent used in the electrochemistry described so far for the modified 
electrodes has been with DCM. This choice is due to DCMs charge-accepting, non-
coordinating properties, which make it particularly well-suited for oxidative 
electrochemistry. The fact that DCM has a low dielectric constant (ɛ = 9.1) and low 
donor number (DN = 1.0) means that ion pairing effects are more important in these 
solutions. To reduce ion pairing effects at the modified electrodes of ethynyl ferrocene 
and β-BFD, the solvents tetrahydrofuran (ɛ = 7.5, DN = 20.0) and nitromethane (ɛ = 
35.87, DN = 2.7) were investigated.
22
  
 A number of modified electrodes were used to assess the solutions tested next. 
Decomposition of the electrodes was a problem and a large number of electrodes were 
used to assist in obtaining a clear picture of the electrolyte effects. A combination of ten 
electrodes modified with different surface coverages of ethynyl ferrocene or β-BFD were 
used. The results of these studies are tabulated in Table 4.7 along with the relevant values 
for the analyte in solution.  
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Table 4.7 Homogeneous and heterogeneous potentials of ethynyl and α and β BFD compounds 
Analyte Couple
PF6 TFAB
ΔE 
(TFAB-
PF6)
PF6 TFAB
ΔE 
(TFAB-
PF6)
PF6 TFAB
ΔE 
(TFAB-
PF6)
EtFc 0/+ 0.71 0.76 0.05 0.60 0.66 0.06 0.67 0.67 0.00
E-EtFc 0/+ 0.70 0.79 0.09 0.56 0.76 0.20 0.74 0.77 0.02
ΔΔE 0/+ 0.04 0.13 0.02
β-BFD 0/+ 0.35 0.40 0.05 0.26 0.32 0.06 0.35 0.36 0.01
+/2+ 1.00 1.32 0.32 0.82 1.04 0.22 0.99 1.02 0.03
E-β-BFD 0/+ 0.33 0.45 0.11 0.23 0.36 0.14 0.43 0.43 0.01
+/2+ 0.95 1.32 0.37 0.83 1.13 0.29 1.04 1.12 0.08
ΔΔE 0/+ 0.06 0.08 -0.01
ΔΔE +/2+ 0.05 0.07 0.05
a: versus decamethyl ferrocene
Solvent
Electrolyte Anion
Potential (V)
a
DCM THF MeNO2
 
 Studies in THF shared many of the same qualities as the electrodes tested in 
DCM. The most important changes occurred in the MeNO2 solutions. The more polar 
solvent nitromethane, MeNO2, shows little to no change in the potential shifts between 
the [PF6]
-
 and TFAB anions, both in homogeneous solution, and at the electrode surface. 
 The shift in homogeneous solution of ethynyl ferrocene between the two anions 
was 0.0 V. At the surface there was a minor shift of 0.02 V more positive with the TFAB 
anion. With β-BFD in homogeneous solution there is only a minor effect of the TFAB 
anion shifting the dication potential to 0.03 V more positive. At the electrode this value 
increases to 0.08 V. Enhanced ion pairing effects for the analyte at electrode surface is 
evidenced in the all of the different solvent/electrolyte media that were studied. 
 Although the positive potential shifts going from [PF6]
-
 to TFAB are greatly 
reduced in MeNO2, the broadening of the waves and reduced anodic current is still 
apparent. Shown next are electrodes modified with ethynyl ferrocene tested in MeNO2 
solutions of [PF6]
-
 and TFAB demonstrating these effects. Integration for the oxidation 
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peaks of the electrode in the two media gave a surface coverage of 4.51 x 10
-10 
mol/cm
2
 
in the [PF6]
-
 solution and 4.17 x 10
-10 
mol/cm
2
 in the TFAB solution for the first electrode 
(A) (Figure 4.38). For a second electrode (B) with slightly higher surface coverage, the 
integration gave coverages of 1.02 x 10
-9
 mol/cm
2
 in [PF6]
-
 and 5.8 x 10
-10 
mol/cm
2
 in 
TFAB (Figure 4.39). The 43% reduction in the effective surface coverage of electrode B 
is consistent with reduced anodic current in TFAB solutions.  
 The broadening of the waves in MeNO2/TFAB solutions is also apparent. The 
FWHM values shift from 256 to 353 mV for the higher surface coverage electrode (B) 
and 180 to 406 mV with the lower coverage electrode (A).  
 
Figure 4.38 CVs of a modified electrode (A) with 1 in MeNO2/ 0.1M [Bu4N][PF6] and 0.05M 
[Bu4N][TFAB] (gray); 3 mm GCE, ν = 0.5 V/s 
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Figure 4.39 CVs of a modified electrode (B) with 1 in MeNO2/ 0.1M [Bu4N][PF6] and 0.05M 
[Bu4N][TFAB] (gray); 1 mm GCE, ν = 0.5 V/s 
 These results suggest that the ion pairing effect of TFAB at the electrode surface 
is largely mitigated in nitromethane. Nevertheless, the broadening of the surface waves 
and reduced charge integrated under the oxidation waves suggest that unique chemical 
effects for the large TFAB anion are still present. These electrolyte effects share a 
resemblance to those observed for hydrophilic anions in aqueous solutions with ferrocene 
SAMs.
20
  
 It is known that with well-solvated, hydrophilic anions ion pairing at the 
electrode is disfavored accounting for broadened waves and reduced current signals.
23
 
The highly lipophilic TFAB anion may share similar effects in non-aqueous media 
(Scheme 4-20). One of the other qualities of ferrocene SAMs with hydrophilic anions in 
aqueous solutions, which shares many of the observations with TFAB made here, is a 
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lower stability to continuous potential scanning. This topic will be revisited in Chapter 7 
Section 7.10. It is found that with [Bu4N][TFAB] electrolyte continuous scanning of 
modified electrodes leads to more rapid decomposition versus scans with the traditional 
electrolyte anion [PF6]
-
. 
 
 
Scheme 4-20 
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Chapter 5: Electrode Modification of Fe, Co, and Cr Containing Organometallics  
5.1 Organometallic Electrochemistry 
 Other compounds prominent in organometallic electrochemistry were also  
studied. In addition to simply grafting the organometallic moiety onto an electrode, 
reactions of the moiety on the surface were probed. In sections 5.2 to 5.6, the chemical 
and electrochemical reactivity of a ferrocene bearing a terminal alkyne linked through an 
amine is described. Shifts in the potential for oxidation at the ferrocene moiety were used 
to monitor transformations taking place at the amine. Acid/base reactions at the amine 
can alter the electronics at the iron center. This effect results in a shift of the ferrocene 
oxidation to more positive potentials in the ammonium form (top part in Scheme 5-1). In 
addition to acid/base chemistry, the amine itself is electroactive and the anodic oxidation 
of the amine leads to the ammonium ion after follow-up chemical reactions with the 
solution. To reform the amine, more negative potentials can be applied to reduce the 
ammonium ion and expel half of an equivalent of H2. 
 Cobaltocenium is a well-studied organometallic redox agent that is reducible to 
a neutral 19 e
-
 complex, cobaltocene, Eq. 20, which is a popular one-electron reducing 
agent.
1
  
[CoCp2][PF6]   +   e
-
   ↔   CoCp2    (20) 
Its derivative, ethynyl cobaltocenium hexafluorophosphate, 4, was used to attach 
cobaltocenium to the surface. This compound was the first example of a direct oxidation 
of an ethynyl-lithium bond in this work (middle in Scheme 5-1). The success of the direct 
oxidation in modifying electrodes was confirmed by observation of the 
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cobaltocenium/cobaltocene wave at the electrode surface. Different electrolyte solutions 
were compared for the direct oxidation of Li-4, and CVs of the solutions were found to 
be independent of electrolyte (Section 5.8).  This is in contrast to the electrochemistry of 
ethynyl-lithium ferrocene, Li-1, which goes through the ethynyl-lithium ferrocenium 
intermediate to form the alkyne radical which is electrolyte dependent (Section 5.9).  
 Sections 5.13 to 5.16 describe the attachment of benzene chromium tricarbonyl 
to an electrode. Chemical reactions at the chromium center were performed after the 
anodic oxidation. Oxidation of the chromium center in the presence of a Lewis base 
induces substitution reactions for the metal-carbonyls with the Lewis basic ligands 
(bottom of Scheme 5-1). The effect of the electron-donating Lewis base on the Cr(0/I) 
couple is to shift the E1/2 potential for the substituted product to more negative potentials. 
The appearance of a new redox couple at more negative potentials was used to monitor 
the substitution reactions. These experiments introduce a concept that will be discussed in 
greater detail in the following chapter with electrodes modified with cyclopentadienyl 
manganese tricarbonyl (cymantrene), (Mn(η5-C5H5)(CO)3). 
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Scheme 5-1 
5.2 Ferrocene with an Amine Linker, 3 
 To expand the scope of moieties known to tolerate the conditions present in the 
modification experiments a ferrocene compound with an amine linker was prepared. The 
synthesis of compound 3 was accomplished by Dr. Kevin Lam as outlined in Scheme 5-2. 
After formation of the secondary amine, reaction with propargyl bromide afforded 
compound 3 in 26% yield over three steps.  
 
Scheme 5-2 
 In addition to testing whether amines tolerate the reaction conditions for 
electrode modification, the participation of amines in acid/base reactions and their 
electroactivity was investigated. In acidic solutions, protonation of the amine forms the 
ammonium ion. The change from an amine to an ammonium functional group, tethered 
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closely to the iron center, affects the potential of oxidation at the ferrocene moiety. The 
electron-withdrawing ammonium imparts a partial positive charge at the iron center, 
pushing the Fe(II/III) couple to more positive potentials (Scheme 5-3). 
 
Scheme 5-3 
  The formation of the ammonium derivative can also occur following anodic 
oxidation at the amine, as demonstrated in Scheme 5-4 for the anodic oxidation of triethyl 
amine.
2
 The major products following the irreversible two-electron anodic oxidation of 
the amine are diethyl- and triethyl- ammonium ions. The electrochemical and chemical 
reactivity of the amine will be investigated in the homogeneous and heterogeneous 
electrochemistry of 3, in sections 5.3 and 5.6, respectively. 
 
Scheme 5-4 
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5.3 Homogeneous Electrochemistry of 3 
 The electrochemistry of 3 performed in THF/0.1M [Bu4N][PF6] shows a 
reversible ferrocene-based oxidation, E1/2 = -0.01 V (top scan in Figure 5.1), and an 
irreversible oxidation for the amine at more positive potentials, Epa = 0.83 V (bottom scan 
in Figure 5.1). 
 
Figure 5.1 CVs of 1.0 mM 3 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.4 V/s 
 In the return portion of the CV scan that includes the amine oxidation (gray line, 
bottom scan in Figure 5.1) a new re-reduction wave appears that is shown to be reversible 
in the following scan (E1/2 = 0.15 V) (black line, bottom scan in Figure 5.1). The E1/2 
suggests that the new product is undergoing a ferrocene/ferrocenium oxidation with an 
iron center that has decreased electron density, most likely the ammonium ion (or 
protonated form) of 3, “3-H+”.  
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 This species was confirmed by adding an equivalent of hydrochloric acid (HCl) 
to an electrochemical solution containing 3 (Figure 5.2). Linear sweep voltammetry 
(LSV) of the solution before and after the addition of HCl shows a positive potential shift 
in the ferrocene oxidation owing to the formation of 3-H
+
 (gray line in Figure 5.2). The 
Epa values for the oxidation peak shift from 0.02 to 0.17 V. The reversibility of the 
acid/base affect was shown by addition of sodium hydroxide (NaOH), which returned the 
E1/2 potential back to that of 3 (dashed black line in Figure 5.2). The electrochemical and 
chemical reactivity of the amine in 3 is summarized in Scheme 5-5.  
 
Figure 5.2 LSVs of 0.5 mM 3 and 0.5 mM Fc* (E1/2 = -0.45 V) in THF/ 0.1 M [Bu4N][PF6]; 2 mm Pt 
electrode, ν = 0.2 V/s; original solution of 3 (black), after addition of HCl (gray), after addition of NaOH 
(black ---). HCl and NaOH solutions were prepared at ca. 0.1 M in THF and an equivalent of the acid or 
base was added to the electrochemical cell to react with 3. 
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Scheme 5-5 
5.4 Electrochemistry of Li-3 
 Solutions of Li-3 were prepared using the ex situ preparation with an equivalent 
of n-BuLi. CVs scanned into the oxidation region show an irreversible oxidation wave as 
a shoulder leading into the reversible couple of 3 (Figure 5.3). As discussed previously 
for Li-2 (Section 4.6), the fact that the oxidation of Li-3 occurs as a barely observable 
shoulder on the oxidation of 3 is consistent with the poor charge donation from the 
ethynyl-lithium group through the non-conjugated linkage to the ferrocene moiety.  The 
amine linker has similar spatial separation for the alkyne away from the iron center as in 
the ether linker of Li-2 (Scheme 5-6). It is, therefore, not unexpected that the 
electrochemistry of Li-3 is similar to that of the ether derivative, Li-2.  
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Scheme 5-6 
 
Figure 5.3 CVs of 4.0 mM Li-3 in THF/0.1M [Bu4N][PF6] at 0 
o
C; 2 mm GCE, 0.1V/s, 1
st
 scan (black) and 
2
nd
 scan (gray) 
 If the electrode is scanned to about 1V into the amine oxidation, the emergence 
for the couple 3-H
+ 
does not appear in the CV (Figure 5.4). The acidity of the protonated 
amine is well below that of a terminal alkyne, and the ammonium is deprotonated by Li-
3—diffusing in from the bulk solution—to reform the amine and the parent terminal 
alkyne 3 (Scheme 5-7).  
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Figure 5.4 4.0 mM Li-3 in THF/0.1M [Bu4N][PF6] at 0 
o
C; 2 mm GCE, ν = 0.1V/s, Fc* present in solution 
at E1/2 = -0.45 V  
 
 
Scheme 5-7 
5.5 Electrochemistry of Electrodes Modified with 3 
 Glassy carbon, gold, and platinum electrodes were modified by scanning to a 
potential of 0.5 V in the solutions of Li-3 described in Figure 5.3. In Figure 5.5, a GCE 
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modified from a single scan in Li-3 shows the characteristic redox couple (E1/2 = -0.06 V) 
expected for the surface-bound ferrocene derivative.  
 
Figure 5.5 CV of a GCE modified with 3 after the treatment shown in Figure 5.3 in solutions of DCM/ 
0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.4 V/s 
 The wave is characteristic of an electroactive surface species with the peak 
current being proportional to scan rate and peak separation being less than 56 mV. The 
electrochemical properties of the modified electrode in Figure 5.5 are a ΔEp equal to 12 
mV at a scan rate of 0.4 V/s, the FWHM is 101 mV, and the surface coverage is 1.9 x 10
-
10
 mol/cm
2
 or
 
about a half-monolayer level. The shape of the wave is similar to those 
found for electrodes modified with ether-linked ferrocenes (Section 4.7). The FWHM, 
which is close to that of an ideal non-interacting modified layer (FWHM = 90 mV),
3
 
suggests minimum electronic repulsion in the modified layer. The lower FWHM values 
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with ether and amine linkers compared to 1 is in agreement with their flexible, non-
conjugated linkers. The rigid linker in 1 yields modified electrodes with higher FWHM 
values of 140 mV or more. 
5.6 Amine Reactivity at the Electrodes Modified with 3 
 Tests with the modified electrodes mirrored the behavior observed for 3 in 
homogeneous solution. Thus, dipping the electrode into solutions of 2M HCl, washing 
gently with acetone, and returning the electrode to the electrochemical solution shifted 
the potential of oxidation from -0.06 to 0.13 V. This is consistent with the protonated 
form of the amine at the electrode surface (Figure 5.6). If the electrode was then dipped 
into 2M of NaOH, washed gently with acetone, and returned to solution the wave 
returned to a potential of -0.06 V. 
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Figure 5.6 CVs of an electrode modified with 3 (black) and 3-H
+
Cl
-
 (gray) in solutions of DCM/0.1M 
[Bu4N][PF6]; 2 mm GCE, ν = 0.4 V/s 
 Scans of the modified electrodes into the amine oxidation wave also showed the 
amine/ammonium conversion (Figure 5.7). In the first scan (dashed line), the peak for the 
ferrocene oxidation of 3 is observed at Epa = -0.01 V. As the electrode is scanned out 
more positively, a peak for the oxidation of the amine appears at Epa = 0.71 V. In the 
return portion of the scan, a new re-reduction wave appears at more positive potentials 
than for the re-reduction of 3
+
 whose re-reduction peak has now disappeared (black line 
in Figure 5.7). The new reversible wave is at the value expected for 3-H
+
. The fact that 
the wave for 3 is now absent shows that the conversion from 3 to 3-H
+
 is complete in the 
single scan.  
234 
 
 
Figure 5.7 CVs of an electrode modified with 3 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, 0.4 V/s, 1
st
 scan 
(gray), 2
nd
 scan (black) 
 The ammonium moiety in 3-H
+
 could be reduced back to 3 by applying more 
negative potentials. In Figure 5.8, starting from an electrode of 3-H
+
,
 
a CV for the 
reversible oxidation of 3-H
+ 
is shown (black line) (i in Scheme 5-8). Next, a scan made 
into the negative potential region sufficient to reduce 3-H
+
 shows an irreversible peak at 
Epc = -0.99 V (black line) (ii). A second scan into the negative region does not show a 
peak for the reduction of ammonium consistent with conversion of the ammonium to an 
amine (gray line) (iii). Scanning back into the positive region, the ferrocene oxidation for 
3 appears confirming reformation of the amine (gray line) (iv).  
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Scheme 5-8 
 
Figure 5.8 CV of an electrode modified with 3 (gray) and 3
+
 (black) in solutions of DCM/0.1M 
[Bu4N][PF6]; 2 mm GCE, 0.4 V/s, 1
st
 and 2
nd
 scans (black), 3
rd
 and 4
th
 scans (gray) 
 To summarize, the electrodes modified with 3 participate in the same acid/base 
and redox reactions as seen for 3 in homogeneous reactions. These results suggest that 
the integrity of the molecule persists at the electrode surface and that the modified 
electrode can be accurately modeled based on expectations of its electrochemistry as a 
Negative Region Positive Region 
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solution analyte.  This is highly significant, for there is always uncertainty as to how a 
compound’s solution electrochemistry will translate to the electrode surface.  
5.7 Ethynyl Cobaltocenium Hexafluorophosphate, 4 
 Cobaltocenium is a similar “sandwich” complex to ferrocene. Rather than an 
Fe(II) center, the two Cp rings sandwich the cationic Co(III) center. The reduction of 
cobaltocenium to Co(II) has been well-studied and is used frequently in organometallic 
electrochemistry.
4
 Notably, cobaltocenium was the first organometallic moiety grafted 
directly to an electrode.
5
 The modification was achieved in this laboratory using the 
diazonium reduction method (Scheme 5-9). The quite negative reduction potential of 
cobaltocenium, -1.32 V, made cobaltocenium an ideal candidate for modification with a 
diazonium salt reduction strategy. Diazonium’s electroactivity which makes it 
incompatible with other electroactive substrates is not affected by the reduction of 
cobaltocenium to cobaltocene. 
 
Scheme 5-9 
 A strategically similar method, but now employing a direct oxidation is 
proposed with ethynyl-lithium cobaltocenium hexafluorophosphate, Li-4 (Scheme 5-10). 
The oxidation for the Co(III/IV) couple of cobaltocenium comes in at a prohibitively high 
oxidation potential, 2.6 V, so that the direct oxidation of the ethynyl-lithium bond is 
anticipated to occur before oxidation of the metal center.
6
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Scheme 5-10 
 The direct oxidation of the ethynyl-lithium bond is thus expected to modify 
electrodes through a radical route conceptually similar to that induced by the 
intramolecular oxidations which occur with the ferrocene compounds. Following anodic 
scans in the Li-4 solutions, the reduction of cobaltocenium at the electrode will be 
investigated to confirm successful modification, similar to how the ferrocene oxidation 
was used in previous sections. The electrochemistry of the modified electrodes will be 
studied in THF/0.1M [Bu4N][PF6] solutions. THF is an excellent solvent for studying 
reductions since, as a charge-donating solvent, it interacts weakly with anions.  The 
homogeneous electrochemistry of 4 in THF/0.1M [Bu4N][PF6] consists of a single-
electron reduction at E1/2 = -1.18 V (Scheme 5-11). 
 
Scheme 5-11 
5.8 Electrochemistry of Li-4 
 The electrochemistry of Li-4 was studied in THF using different electrolyte 
combinations. Shown in Figure 5.9 is a CV in THF solutions of [Bu4N][PF6], Figure 5.10 
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with Li[ClO4], and Figure 5.11, Li[TFAB]. The Li-4 analyte in these solutions was 
prepared ex situ of the electrochemical cell with an equivalent of n-BuLi. 
 
Figure 5.9 CV of 3.0 mM Li-4 in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s  
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Figure 5.10 CV of 5.0 mM Li-4 in THF/0.1M Li[ClO4] at 0 
oC; 2 mm GCE, ν = 0.1 V/s 
 
Figure 5.11 CV of 4.0 mM Li-4 in THF/0.05M Li[TFAB] at 0 
oC; 2 mm GCE, ν = 0.1 V/s  
 The electrochemistry of Li-4 consists of a number of broad, irreversible waves 
with the predominant electrochemical activity in all solutions ca. 0.0 V. This activity is 
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attributed to the direct oxidation of the ethynyl lithium bond and appears independent of 
the electrolyte media (Eq. 21).  
 R-C≡C-Li   ↔   R-C≡Cδ--Liδ+   -   e-   →   R-C≡C•   +   Li+  (21) 
 An in situ lithiation experiment offers a clearer picture of the changes in solution 
when going from 4 to Li-4. Here, the current for the reduction of 4 was tracked against 
the increase in the irreversible oxidation ca. 0 V (Figure 5.12). An impurity from the 
synthesis of 4, cobaltocenium hexafluorophosphate, is responsible for the second 
reduction wave in the solution, E1/2 = -1.32 V. The gray arrows on the CVs in Figure 5.12 
indicate the change in solution with added n-BuLi. As n-BuLi is added, the peak for 4 
decreases and an oxidation wave appears at more positive potentials (Epa = ca. 0.1 V). 
 
Figure 5.12 CVs of 4.0 mM 4 (black) and Li-4 in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.5 V/s, 
added n-BuLi: 1 eq. (dark gray), 1.33 eq. (gray), and 1.67 eq. (light gray) 
 Quenching the lithio-solution with methanol only partially returned the signal 
for 4, which suggests significant decomposition during the lithiation reaction (Figure 
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5.13). While the wave for 4 returns modestly, the activity in the positive region, assigned 
to the oxidation of the ethynyl-lithium bond, disappears completely with methanol 
(Figure 5.14). Remaining in the positive region is a broad irreversible wave starting ca. 
0.1 V likely due to the oxidation of hydroxide ion in solution
7
 and an irreversible wave 
appearing ca. 0.8 V assigned to the oxidation of tributyl amine. These impurities are 
known to occur from the presence of trace water in solution, the hydroxide, and the 
reaction of n-BuLi with the electrolyte when the lithiation is performed in situ, the 
tributylamine. 
 
Figure 5.13 CVs of 4.0 mM 4 from the Li-4 solution THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.5 
V/s, before lithiation (black), after lithiation (gray), and after addition of 0.1 mL of methanol (gray •••)  
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Figure 5.14 CVs of 4 from the Li-4 solution THF/0.1M [Bu4N][PF6] at 0 
o
C; 1 mm GCE, ν = 0.2 V/s, 
before lithiation (black), after lithiation (gray), and after addition of 0.1 mL of methanol (gray •••) 
 Attempts to isolate 4 from the quenched solution were unsuccessful. A likely 
route for decomposition of Li-4 is the attack of the acetylide anion in Li-4 at the Cp ring 
of another Li-4 in solution. This type of reactivity, in fact, is used in the preparation of 4 
(Scheme 5-12).
8
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Scheme 5-12 
 In light of the differences observed for Li-4 in the presence of different 
supporting electrolytes, it is timely to discuss here our similar experiments with the 
ferrocene derivative, Li-1. 
5.9 Lithio-Ethynyl Ferrocene in Different Electrolyte Solutions 
 Ferrocene derivatives, Li-1 and Li-2, do not show a similar behavior between 
electrolytes containing either the tetrabutylammonium or lithium cations. In Figure 5.15, 
CVs for 1 and Li-1 in THF/0.05M [Bu4N][TFAB] are shown, with the CVs of Li-1 in 
Li[TFAB] and Li[ClO4] being shown in Figure 5.15 and Figure 5.16. 
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Figure 5.15 CV of 4.0 mM 1 (black) and Li-1 (gray) in THF/0.05M [Bu4N][TFAB] at 0 
oC; 2 mm GCE, ν 
= 0.1 V/s; ‘*’ is for Fc* (E1/2 = -0.45 V) present in solution 
 
Figure 5.16 CVs of 4.0 mM Li-1 in THF/0.05M Li[TFAB] (black) and 0.1 M Li[ClO4] (gray) at 0 
o
C; 2 
mm GCE, ν = 0.4 V/s (Fc* peak at -0.45 V) 
* 
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 The first thing to notice is that in electrolyte solutions containing lithium 
cations, there is no pre-wave observed for Li-1. Instead, only the reversible wave for 1 
and irreversible waves in the region ca. 1.25 V. The potential of the latter is suggestive of 
the direct oxidation of hydrogen-terminated alkynes which appear around 1.0-1.5 V 
(Chapter 8). However, in solutions of [Bu4N][TFAB], the wave for an alkyne oxidation is 
absent in the electrochemistry of 1 (black line in Figure 5.15). This is due to the weak ion 
pairing in ferrocenium-TFAB which pushes the second oxidation of the molecule outside 
the solvent/electrolyte window.
9
 Since the stronger ion pairing between Li
+
 and TFAB
-
 
would serve to further weaken ion pairing of TFAB
-
 with anodic products, the oxidation 
of the alkyne group is expected to occur at a potential even more positive than the 
maximum of 1.7 V seen in Figure 5.15. Therefore, the wave at ca. 1.3 V in Figure 5.16 is 
unlikely to be due to the oxidation of a hydrogen-terminated alkyne group.  
 The absence of a pre-wave for Li-1 in the lithium electrolyte solutions is 
attributed to the abundance of lithium ions in solution, which counter the loss of lithium 
at the alkyne following the initial ferrocenium oxidation. The integrity of the lithio-
solution is confirmed by the modification of electrodes which occurs readily in these 
solutions at the more positive potentials (these experiments are described in the 
Appendix). In contrast, experiments on the direct oxidation of 1 in THF yield modified 
electrodes having either low coverage with ill-shaped waves or, often, no modification at 
all (Chapter 8). Summarized in Scheme 5-13 is the electrochemistry of Li-1 with the 
different electrolytes. 
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Scheme 5-13 
5.10 Electrodes Modified with 4 
 Electrodes modified with 4 could be obtained by scanning through the oxidative 
region ca. 0 V, although greater surface coverage was obtained by applying more positive 
potentials.  A typical CV of a GCE modified with 4 is shown in Figure 5.17. The 
electrode was modified in the solution described in Figure 5.9 with three continuous 
scans to the potential of 0.75 V. 
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Figure 5.17 CV of a GCE modified with 4 in solutions of THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.0 V/s 
 The reduction of ethynyl cobaltocenium at the electrode is observed at E1/2 = -
1.23 V, consistent with the fact that the parent ethynyl cobaltocenium reduction has an 
E1/2 = -1.18 V. A square wave voltammagram (SWV) with Fc* present in solution was 
used to determine accurately the reduction potential (Figure 5.18). 
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Figure 5.18 SWV of a GCE modified with 4 and 1.0 mM Fc* (E1/2 = -0.45 V) in solutions of THF/0.1 M 
[Bu4N][PF6]; 2 mm GCE, ν = 200 Hz 
 The shapes of the CV waves are characteristic of a surface-bound species. The 
peak current is proportional to scan rate (Figure 5.19) and the ΔEp is 30 mV at 0.4 V/s. 
 
Figure 5.19 CVs of a GCE modified with 4 in solutions of THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 to 
1.0 V/s (0.1 V/s increments) 
 The surface coverage of electrodes modified with 4 was dependent on the 
number of applied scans and the applied potential. At lower potentials, ca. 0 V, the 
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surface coverage obtained was quite low. Scanning to higher potentials increased the 
surface coverage noticeably. The effect of repetitive scans to 1V on the surface coverage 
obtained is illustrated in Figure 5.20. The electrodes were scanned in a THF/0.1M 
[Bu4N][PF6] solution containing 4.0 mM of Li-4, as depicted in Figure 5.12. A plot of the 
surface coverage versus applied scans is shown in Figure 5.21. 
 
Figure 5.20 CVs of a GCE modified with 4 in solutions of THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 
V/s, electrodes modified with continuous scans: 1, 8, 12, and 24 
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Figure 5.21 Surface coverage versus the number of applied scans in a 4.0 mM Li-4 solution in THF/0.1M 
[Bu4N][PF6], scans were performed at ν = 0.5 V/s from -0.5 V to a switching potential of 1.0 V 
 Between the different electrolyte solutions, the surface coverage did not vary 
significantly and it is apparent that solutions of Li-4 are not as active as their ferrocene 
counterparts. The maximum surface coverage obtained after 24 scans is 5.8 x 10
-10 
mol/cm
2
, up from 0.75 x 10
-10 
mol/cm
2
 obtained after one scan. For reference, the 
maximum coverage is slightly above the value for a monolayer of ferrocene (4.5 x 10
-10 
mol/cm
2
).  
 Forming multi-layers of cobaltocenium appears to be quite difficult. A lower 
surface coverage of cobaltocenium modified electrodes was observed previously in the 
diazonium work.
10
 In the case of Li-4, the lower surface coverage may be attributed to 
decomposition of Li-4 in the solution or since a lower coverage is observed with 
diazonium reduction as well,
11
 the electron repulsion between cobaltocenium’s cationic 
metal centers and the presence of the counter ion, hexafluorophosphate, at the electrode 
surface may play an important role. A relevant example for lower coverage with greater 
electronic repulsion is observed in electrodes bonded directly to the Cp ring of ferrocene 
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(Scheme 5-14).
12
 The modified electrodes have a maximum surface coverage limited to a 
monolayer. In addition, the electrodes have a redox potential 0.37 V more positive than 
ferrocene in solution and have FWHM values of ca. 200 mV. 
 
Scheme 5-14 
 Electronic repulsion between the cationic metal centers is evident in the 
FWHMs of the electrodes modified here with cobaltocenium. The FWHM values of the 
electrodes modified with 4 in Figure 5.20 ranged from 200 to 310 mV (values determined 
from the reduction peaks). The highest FWHM observed in the ferrocene derivatives—
with ethynyl ferrocene modified electrodes—was around 140-190 mV. Electrodes 
modified by other ferrocene derivatives with longer, flexible linkers has FWHM values 
of about 85-110 mV. The higher FWHM values of ethynyl ferrocene modified electrodes 
were attributed to the shorter, more rigid alkyne linker compared to the ether or amine 
linker, as described above.  
5.11 Stability of Electrodes Modified with 4 
 The instability of electrodes having higher FWHM values has been observed 
with ferrocene derivatized electrodes (experiments are described in Chapter 7). The 
FWHM values for electrodes modified with the ether linker in 2 are close to the ideal 
value for non-interacting electroactive centers at an electrode surface (90 mV), while 
electrodes modified with the shorter, ethynyl linker in 1 have FWHM values of 140-190 
mV. In tests where the electrodes are scanned continuously, the stability of ferrocenes 
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with an ether-linker to the electrode is superior to the ethynyl ferrocene modified 
electrodes. Whereas the ether derivative survives thousands of scans, where only a slight 
loss in the charge of the wave is detected after 10,000 scans (Figure 5.22), ethynyl 
ferrocene modified electrodes decompose by roughly 40% after 100 scans (Figure 5.23). 
The modified electrodes were obtained from their respective lithio-solutions. 
 
Figure 5.22 CVs of GCEs modified with 2 in solutions of DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 
V/s, CV before (black) and after 10,000 scans (gray) 
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Figure 5.23 CVs of GCEs modified with 1 in solutions of DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 
V/s, CV before (black) and after 100 scans (gray) 
 These results suggest, tentatively, that lower FWHM values and lower electronic 
repulsion shields the modified electrode from decomposing upon continuous potential 
scanning. The current signals for electrodes modified with 4, having large FWHM values, 
are expected to decrease rapidly with repetitive scans. The effect of scanning an 
electrode, modified with 4, twenty times is shown in Figure 5.24. The rapid loss of 
current height in the reduction wave agrees with a trend for instability and electronic 
repulsion. Another possibility for the observed instability of electrodes modified with 4 is 
the more reactive cobaltocene form. The effect of different linkers between the electrode 
and cobaltocene are necessary to pinpoint the instability.  
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Figure 5.24 CV of a GCE modified with 4 in solutions of THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
20 consecutive scans, 1
st
 scan (black), 20
th
 scan (gray) 
 The FWHM and surface coverage of the four peaks in Figure 5.24 are 
summarized in Table 5.1. The peaks are assigned according to the numbering in Scheme 
5-15.  
Table 5.1 Electrochemical properties of the surface peaks of 4 
Peak FWHM (mV) Charge (Coulombs) Layers
a 
1 197 1.031 0.76
2 191 0.876 0.64
3 163 0.612 0.45
4 180 0.607 0.45
a: versus a monolayer of ferrocene (4.5 x 10
-10
 mol/cm
2
)  
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Scheme 5-15 
 It is interesting to observe that the surface coverage of 4 at the electrode begins 
to even out at 0.45 layers (this corresponds to a charge under the wave of 0.612 C) and in 
the last scan there is almost no observable change in the surface coverage between the 
reduction peak (#3) and the oxidation peak (#4). The difference in the charge passed 
beneath the two peaks is minimal going from 0.612 C in the reduction to 0.607 C in the 
oxidation. The charge passed between the reduction and oxidation peaks in the first scan 
is more dramatic, going from 1.031 C down to 0.876 C after one reduction/re-oxidation 
cycle. This is a 15% loss of 4 at the electrode in a single scan. These results suggest that 
the most stable conformation of the modified electrode may be at the monolayer level of 
coverage, where the monolayer is best described as both cobaltocenium and the counter 
ion at the electrode surface (Scheme 5-16).
10
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Scheme 5-16 
5.12 Electrolyte Effects on Electrodes Modified with 4 
 Described next are CVs of the electrodes modified by 4 in THF solutions of 
[Bu4N][PF6] and [Bu4N][TFAB]. The effect of the counter ion at the modified electrode 
is discussed in this section and the electrodes are described with this in mind according to 
Scheme 5-17 below. 
 
Scheme 5-17 
 When modified electrodes of 4[PF6] are placed in [Bu4N][TFAB] solutions a 
pronounced pre-wave is observed in the first scan (Figure 5.25) and the waves appear 
broader (Figure 5.26). After the first scan, the shape of the wave stays constant as the 
cobaltocenium modified electrode takes the form 4[TFAB]/4. The [PF6]
-
 anion originally 
at the surface diffuses into the bulk solution and is thus lost to the solution. 
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Figure 5.25 CVs of an electrode modified with 4 in THF/0.05M [Bu4N][TFAB] (1
st
 scan, black; 2
nd
 scan, 
gray); 2 mm GCE, ν = 0.5 V/s 
 
Figure 5.26 CVs of the same electrode modified with 4 in THF/0.1M [Bu4N][PF6] (black) and 0.05M 
[Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
 In contrast, returning the electrode to a [Bu4N][PF6] solution, the shape of the 
wave is unaffected by the 4[TFAB] form of the electrode entering the solution. The CV is 
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identical to the CVs taken prior to tests in the [Bu4N][TFAB] solution except for a small 
loss of surface coverage (Figure 5.27). Ion pairing between 4
+
 and [PF6]
-
 is stronger than 
with the TFAB anion and the anions exchange prior to the start of the first CV scan in the 
[Bu4N][PF6] solutions for electrodes entering the solution as 4[TFAB] (Scheme 5-18). 
 
Figure 5.27 CVs of an electrode modified with 4 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
before CV scans in THF/0.05 M [Bu4N][TFAB] (black) and after (gray) 
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Scheme 5-18 
 Previous modification of electrodes with cobaltocenium saw a more pronounced 
anion effect than what was observed here.
13
 This is possibly due to the short electrode 
linker in those studies where the Cp ring was attached directly to the electrode. 
5.13 Electrochemistry of Benzene Chromium Tricarbonyl 
 The behavior of a benzene chromium tricarbonyl derivative at an electrode 
surface was also studied. This family of compounds generally has one-electron oxidations 
that are partially reversible in traditional electrolyte media on the CV time scale,
14
 but 
with a WCA such as TFAB, the oxidations can be studied on the longer bulk electrolysis 
time scale.
15
 In addition, in the presence of Lewis basic ligands, the oxidized form 
undergoes rapid substitution reactions (Scheme 5-19). Oxidation at the metal center leads 
to decreased metal-carbonyl back-bonding, making the carbonyls prone to more rapid 
substitution than seen with the neutral species. 
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Scheme 5-19 
 The arene complexes also undergo a two-electron reduction that is concomitant 
with a haptotropic shift of the arene ring from η6 to η4 (Scheme 5-20).16 
 
Scheme 5-20 
 Arene chromium tricarbonyls are very useful synthon in organic synthesis. 
Activation of the arene ring by the highly electron-withdrawing chromium tricarbonyl 
leads to facile nucleophilic addition reactions.
17
 To modify benzene chromium 
tricarbonyl to an electrode surface, propargylbenzene chromium tricarbonyl, 27, was 
prepared from the lithiation of benzene chromium tricarbonyl and the subsequent reaction 
with propargyl bromide. The electrochemistry of 27 in THF/0.1M [Bu4N][PF6] consists 
of an irreversible oxidation at 0.41 V and an irreversible reduction at -2.81 V. 
261 
 
 
5.14 Electrochemistry of Li-27 
 A CV of the Li-27 solution is shown in Figure 5.28. The solution was prepared 
using the ex situ lithiation method. The CV shows an irreversible oxidation at Ep = -0.98 
V, a small, broad irreversible wave at Epa = -0.2 V, and irreversible waves for the 
oxidation of the chromium center, ca. 0.60-0.75 V. A similar peak to the one observed at 
-0.98 V is apparent in the electrochemistry of lithium-propargyl cymantrene discussed in 
the ensuing chapter. This oxidation may result from the influence of the basic metal-
carbonyls or from a similar decomposition product (Scheme 5-21). The formation of the 
acyl anion from attack of the acetylide at the carbonyl of another species may form the 
electroactive product whose oxidation is at Epa = -0.98 V.
18
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Figure 5.28 CV of 8.0 mM Li-27 in THF/0.1M [Bu4N][PF6] at 0 
o
C; 2 mm GCE, ν = 0.1 V/s 
  
Scheme 5-21 
 Modification of electrodes in these solutions was obtained either by scanning 
multiple times through the most negative oxidation wave or by scanning through the 
more positive irreversible oxidation of the chromium center. Experiments using the latter 
gave the greatest coverage. The effect of repeated scans into the more positive oxidative 
waves of Li-27 is shown in Figure 5.29. Repetitive scans lead to decrease in the anodic 
current passed between the electrode and the solution. This is in agreement with the 
multi-layer formation of 27 observed at the electrodes in fresh electrochemical solutions 
after the CV treatment. The layering of 27 at the electrode results in passivation of the 
electrode inhibiting electron transfer between the solution and the electrode. In the 
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present case, this may be a highly advantageous phenomenon since the anodic oxidation 
of arene chromium tricarbonyl compounds in this media are irreversible. 
 
Figure 5.29 CVs of 8.0 mM Li-27 in THF/0.1M [Bu4N][PF6] at 0 
oC; 2 mm GCE, ν = 0.1 V/s, 1st scan 
(black) and 5
th
 scan (gray) 
5.15 Electrodes modified with 27 
 CVs of electrodes from the solutions of Li-27 show a wave at E1/2 = 0.41 V in 
fresh solutions of DCM/0.05M [Bu4N][TFAB] (Figure 5.30). Shown are three 
consecutive scans into the oxidation of 27 at the electrode surface obtained from two 
scans in 8.0 mM Li-27 to 1 V. The surface coverage determined in the second scan of the 
electrode in solutions was 1.83 x 10
-10 
mol/cm
2
, the FWHM value is 235 mV, and the ΔEp 
value is 35 mV at the scan rate of 1V/s. The chromium(0/I) couple appears only slightly 
reversible under these conditions. The electrodes were significantly more unstable in 
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DCM/0.1M [Bu4N][PF6], where after three scans the electrode have lost almost all of 
their surface coverage (Figure 5.31).  
 
Figure 5.30 CVs of a GCE modified with 27 in solutions of DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 
1.0 V/s, three consecutive scans, 1
st
 scan (black), 3
rd
 scan (light gray) 
 
Figure 5.31 CVs of an electrode modified with 27 in solutions of DCM/0.1 M [Bu4N][PF6]; 2 mm GCE, ν 
= 1.0 V/s, three consecutive scans, 1
st
 scan (black), 3
rd
 scan (light gray) 
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 To probe the surface coverage with numbers of applied scans, electrodes were 
scanned to 1.5 V repetitively at a scan rate of 0.1 V/s in the 8.0 mM Li-27 solution 
depicted in Figure 5.28. Increasing the number of scans resulted in an increased surface 
coverage up to ten scans, at which point, the surface coverage began to decrease (Figure 
5.32). Only the oxidative portion of the CVs is shown for clarity. Electrode inhibition is 
observed at the greater surface coverages and the current for the internal reference 
standard, Fc*, decreases into the background current. This is in agreement with the 
passivation observed in the lithio-solution in Figure 5.29. The maximum coverage 
obtained, from scanning the Li-27 solution ten continuous times, was 1.53 x 10
-9 
mol/cm
2
 
or several monolayers. 
 
Figure 5.32 CVs of electrodes modified with 27 in solutions of DCM/0.1M [Bu4N][PF6]; 2 mm GCEs, ν = 
1.0 V/s, increasing number of scans from 1, 2, 3, 5, 7, 10 (--- black) to 15 (gray) scans (Fc* present at -0.59 
V) 
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5.16 Substitution Reactions at Electrodes Modified with 27 
 Substitution reactions at the modified electrode were performed in the presence 
of trimethyl phosphite, P(OCH3)3. CVs with the phosphite present show an irreversible 
oxidation wave for 27 in the first scan (black line in Figure 5.33) with a new, more 
negative, oxidation wave appearing in the second scan (gray line in Figure 5.33). This is 
consistent with an electron-withdrawing carbonyl being replaced with an electron-
donating phosphite ligand (Scheme 5-22). The expected shift, ΔE1/2, for the single 
substitution of C≡O by trimethyl phosphite is -0.57 V.15 While the ΔE1/2 of -0.43 V is 
somewhat less than expected, shifts for substituted derivatives having alkyl substitution at 
the arene or cyclopentadienyl ring are known to have decreased shifts in their ΔE1/2.
15,19,20
 
In addition, lower potential shifts for substitution reactions at electrode surfaces has been 
observed.
10
 
 
Scheme 5-22 
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Figure 5.33 CVs of an electrode modified with 27 in solutions of DCM/0.05M [Bu4N][TFAB] with added 
trimethyl phosphite (90 mM); 2 mm GCE, ν = 1.0 V/s, two consecutive scans, 1st scan (black), 2nd scan 
(gray) 
 Tests with the phosphite-substituted modified electrode do not show greater 
stability for the chromium (0/I) couple, and after two scans the wave the wave is greatly 
diminished (Figure 5.34). The new couple, mono-substituted complex ‘27*’, was 
referenced using the internal standard decamethyl ferrocene, Fc* (Figure 5.35). 
Experiments for the substitution reactions of 27 modified to an electrode surface are still 
under investigation. 
268 
 
 
Figure 5.34 CVs of an electrode modified with 27* in solutions of DCM/0.05M [Bu4N][TFAB]; 2 mm 
GCE, ν = 1.0 V/s, two consecutive scans, 1st scan (black), 2nd scan (gray) 
 
Figure 5.35 CV of an electrode modified with 27* and 0.15 mM Fc* in solutions of DCM/0.05M 
[Bu4N][TFAB]; 2 mm GCE, ν = 1.0 V/s 
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5.17 Summary 
 In this chapter, three organometallic compounds were attached to electrode 
surfaces, expanding the variety of compounds capable of modification using the anodic 
oxidation of ethynyl-lithium bonds. Reactions at the surfaces were performed which 
confirmed the structural integrity of the surface species. The acid/base chemistry of the 
amine, 3, and the carbonyl substitution reactions typical of the “piano-stool” complex, 27, 
could be performed at the electrode surface. These reactions demonstrate that expected 
reactions can be performed at both the ligand and the metal center. Substitutions reactions 
are expanded on in the following chapter with the manganese complex, cymantrene. 
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Chapter 6: Electrodes Modified with Propargyl Cymantrene 
6.1 Cymantrene 
 Cyclopentadienyl manganese tricarbonyl, Mn(η5-C5H5)(CO)3, also known as 
cymantrene, is a classic “piano-stool” complex (Scheme 6-1). Cymantrene has been 
studied for its use as a spectroscopic label due to the metal-carbonyl absorptions useful in 
infrared spectroscopy, and for its electroactivity.
1
 The use of weakly coordinating 
electrolytes (WCA) to study its anodic electrochemistry has shown the one-electron 
oxidation, Mn (I/II), to be stable on the bulk electrolysis (i.e. synthetic) time scale.  
  
Scheme 6-1  
 The photochemical reaction to substitute one or more of cymantrene’s carbonyls 
with Lewis basic ligands is well known (left column, Scheme 6-2).
2
 Nevertheless, similar 
to benzene chromium tricarbonyl, the anodic oxidation of cymantrene induces 
substitution with suitable nucleophiles (Scheme 6-2). One motive for modifying an 
electrode with a cymantrene derivative was to study its substitution reactions as a 
heterogeneous versus homogeneous process.
3
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Scheme 6-2 
6.2 Propargyl Cymantrene 
 To obtain a cymantrene derivative bearing the terminal alkyne, the coupling of 
the readily prepared lithio-cymantrene with commercially available propargyl bromide 
was employed. The preparation of propargyl cymantrene 5 was achieved in a one-pot 
synthesis by coupling through a Cu(I)Br intermediate (Scheme 6-3). 
 
Scheme 6-3 
This preparation is advantageous over the alternative multi-step synthesis of ethynyl 
cymantrene (Scheme 6-4).
4
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Scheme 6-4 
6.3 Electrochemistry of Cymantrene 
 The parent compound, cymantrene, has a reversible one-electron oxidation on 
the CV time scale with traditional electrolytes [PF6]
-
 or [BF4]
-
. On the bulk electrolysis 
time scale, however, significant decomposition of the analyte occurs, and multiple 
electrons are passed during the electrolysis. With the weakly coordinating anion (WCA), 
tetrakis(perfluorophenyl)borate (TFAB), the cymantrene radical cation is stable on the 
bulk electrolysis time scale allowing for full spectral characterization of the radical 
cation.
1
 A CV of cymantrene in DCM/0.05M [Bu4N][TFAB] is shown in Figure 6.1. The 
redox potential, E1/2, of cymantrene is 0.92 V. 
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Figure 6.1 CV of 3.0 mM cymantrene in DCM/0.05M [Bu4N][TFAB]; 1 mm GCE, ν = 0.2 V/s 
 Ligand substitution at the carbonyls is accomplished by oxidation in the 
presence of a suitable Lewis base.
5
 Addition of one equivalent of triphenyl phosphite to 
the solution results in an irreversible wave for the cymantrene cation and the emergence 
of a new reversible wave at E1/2 = 0.47 V (Figure 6.2).
6
 The new wave is assigned to the 
singly substituted product (Scheme 6-5). The increased kinetics for substitution in the 17 
e
-
 radical cation complex is noteworthy. Elevated temperatures (~140 
o
C) and extended 
reaction times (1-3 days) are required for the thermal substitution of neutral cymantrene 
in the presence of a phosphine or phosphite.
7
 By contrast, the complete substitution of the 
radical cation occurs on the CV time scale of a matter of seconds.  
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Scheme 6-5 
 
Figure 6.2 CV of 3.0 mM cymantrene with 1 eq. of added triphenyl phosphite in DCM/0.05M 
[Bu4N][TFAB]; 1 mm GCE, ν = 0.2 V/s. Dashed lines in absence of P(OPh)3 
 Substitution reactions in the presence of the TFAB anion are markedly faster 
than with traditional electrolyte anions such as [PF6]
-
. Shown in Figure 6.3 and Figure 6.4 
are cymantrene with an added equivalent of triphenyl phosphite in TFAB and [PF6]
-
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solutions respectively. Different scan rates are shown to illustrate the enhanced 
substitution rate of the cymantrene radical in the presence of [TFAB]
-
.  
 
Figure 6.3 CVs of 3.0 mM cymantrene with 1 eq. of added triphenyl phosphite in DCM/0.05M 
[Bu4N][TFAB]; 1 mm GCE, ν = 0.1, 0.2, 0.4, 0.8 V/s 
 
Figure 6.4 CVs of 3.0 mM cymantrene with 1 eq. of added triphenyl phosphite in DCM/0.1M 
[Bu4N][PF6]; 1 mm GCE, ν = 0.1, 0.2, 0.4, 0.8 V/s 
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 In the TFAB solution, the substitution is nearly complete even at the highest 
scan rate of 0.8 V/s. This is evident by the small amount of reductive current left in the 
cymantrene couple. In the [PF6]
-
 medium, a significantly higher portion of the 
cymantrene couple’s re-reduction peak current is observed. The higher reversibility of the 
wave suggests a slower substitution rate constant with this anion. It is thought that as a 
more weakly coordinating anion, TFAB leaves the cymantrene radical cation with a 
greater amount of positive charge, thereby enhancing substitution with the phosphite 
ligand (Scheme 6-6). Although the same observations made here are observed in 
comparative electrochemistry with triethyl phosphite substitutions, contradicting rate 
constants were reported.
5,6
 The quantification of rate constants in the reactions studied 
here will be worth pursuing to better under ion pairing effects which may translate to 
other areas of chemical research. 
 
Scheme 6-6 
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 Relevant to the work here are the substitution reactions with trimethyl phosphite. 
It will be shown later that the choice of anion in solution greatly influences the degree of 
substitution at the electrode with this ligand. The smaller cone angle ligand, trimethyl 
phosphite, is prone towards formation of the disubstituted complex, even at sub-
stoichiometric amounts.
5
 This is not observed with the larger triphenyl phosphite ligand. 
CVs for cymantrene in solutions containing the TFAB and [PF6]
-
 anions with 1 
equivalent of trimethyl phosphite, P(OMe)3, are shown next in Figure 6.5 and Figure 6.6. 
 
Figure 6.5 CVs of 4.0 mM cymantrene with 1 eq. of added trimethyl phosphite in DCM/0.05M 
[Bu4N][TFAB]; 1 mm GCE, ν = 0.8 V/s 
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Figure 6.6 CVs of 4.0 mM cymantrene with 1 eq. of added trimethyl phosphite in DCM/0.1M 
[Bu4N][PF6]; 1 mm GCE, ν = 0.8 V/s 
 The double substitution of cymantrene in these solutions is favored with the 
TFAB anion, consistent with a greater destabilization of the cymantrene radical cation. 
Shown in Table 6.1 are relevant potentials for the substituted products. 
Table 6.1 Homogeneous Potentials of Cymantrene and its Substituted Derivatives 
CpMnCO3 CpMnCO2P(OMe)3 CpMnCO(P(OMe)3)2
TFAB 0.92 0.40 -0.29
PF6 0.85 0.46 -0.16
E1/2(V)
Anion
 
 In addition to the choice of counter ion, rates of substitution are affected by the 
degree of alkyl substitution at the Cp ring of the metal carbonyl complexes.
5,8
 Alkyl 
substitution protects the metal center from attack lowering the rate of substitution 
presumably due to an enhanced steric affect. The positioning of cymantrene attached to 
an electrode surface should mimic the reduced kinetics. This should highlight counter ion 
effects at the electrode surface. The electrochemistry of the propargyl cymantrene 
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derivative, 5, in the electrochemical media used for ethynyl-lithium oxidation, THF/0.1M 
[Bu4N][PF6], consists of a slightly reversible peak at E1/2 = 0.88 V (Figure 6.7). 
 
Figure 6.7 CV of 1.0 mM 5 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.4 V/s 
 
6.4 Electrochemistry of the Propargyl Cymantrene Derivative, Li-5 
 The electrochemistry of Li-5 consists of an irreversible oxidation at Epa = -1.27 
V and a second irreversible oxidation at Epa = 0.95 V (Figure 6.8). The first oxidation is 
assigned to the ethynyl-lithium bond oxidation and the second to the manganese center. 
Possible causes of the large negative shift of the ethynyl-lithium oxidation (typically ca. 1 
V) are the basic metal carbonyls which favor dissociation of the lithium ion, the lithiation 
at an α-proton, lithiation along the Cp ring, or the formation of an allene species (Scheme 
6-7). Control experiments with lithio-cymantrene under the same conditions show 
irreversible oxidations at -0.70 and -0.10 V. These oxidations did not lead to modified 
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surfaces. Another possibility for the peak at -1.27 V is decomposition of the lithium 
species. The reaction of the acetylide at the carbon atom of a carbonyl or the carbonyl of 
another cymantrene in solution may form an electroactive acyl anion.
9
 
 
Scheme 6-7 
 
Figure 6.8 CV of 4.0 mM Li-5 in THF/0.1M [Bu4N][PF6] at 0 
oC; 2 mm GCE, ν = 0.1V/s,  
 In any case, electrodes were modified by scanning through the first oxidation 
wave. However, more efficient modification was obtained in hydrodynamic solutions 
under controlled potential electrolysis with a larger driving force. This experiment was 
typically carried out for 30 seconds with Eapp = 0 V. In addition, it was convenient to 
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leave the electrodes standing in the cell containing the lithium analyte for 5-10 minutes 
allowing for spontaneous modification to occur (a phenomenon discussed in detail in 
Chapter 7). 
6.5 Electrodes Modified with 5 
 CVs of the modified electrodes show a quasi-reversible oxidation for a 
cymantrene moiety, E1/2 = 0.76 V. Multiple scans into the oxidation wave leads to a 
steady decrease in current height of the signal (Figure 6.9 and Figure 6.10). The unstable 
oxidation of cymantrene at a surface has been reported previously.
3
 While the nature of 
this irreversibility is unknown, cymantrene’s oxidation in homogeneous media requires 
rigorously dry conditions and weakly coordinating electrolyte. It is not unreasonable that 
the small amount of material at the electrode is more susceptible to decomposition either 
through intermolecular interactions or through adventitious nucleophiles. The lack of full 
reversibility was observed with both PF6 and TFAB as the supporting electrolyte. It is 
interesting that the wave in PF6 has a follow-up product whose reduction appears at Ep = 
0.21 V. Proof that the wave is a result of the cymantrene oxidation is obtained when the 
CV scan is limited to potentials more negative than the cymantrene oxidation (the dashed 
black line in Figure 6.10). In this scan the reduction wave does not appear. This 
interaction of the cymantrene cation with the PF6 anion at the surface is unknown. 
Dimerization of cymantrene has been suggested recently and may occur here with the 
high population of cymantrene at the modified electrode (Scheme 6-8).
10
 Dimerization 
induces a favorable interaction of the cymantrene shifting the re-reduction potential of the 
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dimer to negative potentials. Other possibilities exist and the decomposition product is 
unknown. 
 
Scheme 6-8 
 
Figure 6.9 CVs of a GCE modified with 5 in solutions of DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, 0.8 
V/s, 1
st
 scan (black), 10
th
 scan (gray ---) 
 The electrode modified in Figure 6.9 was obtained by electrolysis at 0 V in a 
stirred solution of 4.0 mM Li-5 for 30 seconds. The electrode modified in Figure 6.10 
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was obtained by spontaneous modification in the same solution. The electrode was left 
standing in solution for 5 minutes with no applied potential. 
 
Figure 6.10 CVs of a GCE modified with 5 in solutions of DCM/0.1M [Bu4N][PF6]; 2 mm GCE, 1.0 V/s, 
three consecutive scans into cymantrene oxidation, 4
th
 scan (black ---) 
 The instability of cymantrene at the electrode is partially alleviated by 
substitution of one or more of the metal carbonyls with the Lewis basic ligand trimethyl 
phosphite, P(OMe3)3.  
6.6 Substitution Reactions at Electrodes Modified with 5 
 Substitution with trimethyl phosphite was chosen because the reaction is known 
to be rapid and has been performed previously in this laboratory with success.
3
 Shown in 
Figure 6.11 is the substitution of an electrode modified with 5 in the presence of the 
[PF6]
-
 anion. In the first scan, the reversible peak for cymantrene is replaced with a 
completely irreversible peak and a broad re-reduction ca. 0 V. In the second scan, a new 
oxidative peak appears at a more negative potential Ep = 0.49 V, replacing the previous 
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oxidative peak for cymantrene. The interaction noted above for the cymantrene radical 
cation with [PF6]
-
 is evident in these solutions as well. The re-reduction peak of the 
substituted product is again poorly behaved. 
 
Figure 6.11 CV of a GCE modified with 5 in solutions of DCM/0.1M [Bu4N][PF6]; 2 mm GCE, 1.0 V/s, 
two consecutive scans in the presence of 30 mM P(OCH3)3 
 Following the two scans, the electrode was removed from the phosphite 
solution, rinsed with acetone, and sonicated in DCM. The electrode was then placed in a 
fresh solution of DCM/0.1M [Bu4N][TFAB] (Figure 6.12). The peak seen in the second 
scan of the phosphite solution appears as a well-behaved reversible oxidation at E1/2 = 
0.41 V. This value is consistent with the formation of mono-substituted cymantrene at the 
surface. 
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Figure 6.12 CV of a GCE modified with “5-P(OMe3)3” after treatment in 30 mM P(OCH3)3 solution in 
solutions of  DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 1.0 V/s 
 If the same substitution treatment is performed in more concentrated phosphite 
solutions, waves for the disubstituted derivative appear, E1/2 = -0.18 V (Figure 6.13 and 
Scheme 6-9), when the electrode is, again, placed in a fresh TFAB solution. 
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Figure 6.13 CV of a GCE modified with “5-P(OMe3)3” after treatment in 380 mM P(OCH3)3 solution in 
solutions of DCM/ 0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 1.0 V/s 
 
Scheme 6-9 
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 Square wave voltammetry (SWV) of the electrodes was used to study the mono- 
and di- substituted products (Figure 6.14). The substitution results were quantified by 
comparing the peak current heights in the SWVs. To perform the substitution reactions, 
two continuous scans were made out to the propargyl cymantrene oxidation, as in Figure 
6.11, with varying phosphite concentrations. The electrodes were then removed from the 
solution, rinsed and sonicated, and tested in fresh solutions as described. All of the 
electrodes tested in these experiments had been modified by 5 using the same procedure: 
30 seconds of electrolysis at 0 V in a stirred solution of 4.0 mM Li-5 in THF/ 0.1 M 
[Bu4N][PF6]. The results of the substitution experiments are summarized in Figure 6.15. 
 
Figure 6.14 SWV of a GCE modified with “5” after treatment in 130 mM P(OCH3)3 solution in solutions 
of DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 200 Hz 
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Figure 6.15 Comparison of peak anodic current from SWVs of GCEs modified with “5” after treatment in 
P(OCH3)3 solutions in DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 200 Hz; mono- (black) and di- (gray) 
substituted  
 The results reflect a balance for controlling substitution and limiting 
decomposition of the electrode. At the elevated phosphite concentrations the combined 
current for the substitution products diminishes. Forming the oxidized product of 5 at the 
electrode with a large number of phosphite in solutions is not ideal. A convenient method 
to alleviate this problem is to switch to an electrolyte anion that favors double 
substitution, such as TFAB. 
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 In agreement with the results obtained with cymantrene substitutions in 
homogeneous with different anions (Section 6.3), electrodes modified with 5 tested in 
DCM with the TFAB electrolyte produced prominently the di-substituted product (Figure 
6.16). This had been observed in earlier experiments by Laws with cymantrene modified 
electrodes when the trimethyl phosphite concentration was 6 mM.
3
 The full range of 
effects for the phosphite concentration and electrolyte anion were not explored in that 
study. The substitution reaction was studied at the one concentration. The electrodes 
tested next were modified by a single scan to -0.2 V in 3.2 mM Li-5 in THF/0.1M 
[Bu4N][PF6]. 
 
Figure 6.16 CV of a GCE modified with 5 in solutions of DCM/ 0.05 M [Bu4N][TFAB]; 1 mm GCE, 1.0 
V/s, two consecutive scans in the presence of 50 mM P(OCH3)3 
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 Tests performed here at a concentration of 6 mM or higher are consistent with 
those results. Below those concentrations, however, the mono- substituted product could 
be formed (Figure 6.17). As the concentration increases, it is more difficult to prevent 
complete conversion to the di-substituted product using the TFAB anion. For clarity, only 
the oxidative portions of the waves are shown in the following two figures. 
 
Figure 6.17 CVs of a GCE modified with 5 in solutions of DCM/0.05M [Bu4N][TFAB]; 1 mm GCE, 1.0 
V/s, two consecutive scans in the presence of 2.4 mM P(OCH3)3; 1
st
 scan (black), 2
nd
 scan (gray) 
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Figure 6.18 CVs of a GCE modified with 5 in solutions of DCM/0.05M [Bu4N][TFAB]; 1 mm GCE, 1.0 
V/s, three consecutive scans in the presence of 4.8 mM P(OCH3)3; 1
st
 scan (dark gray), 2
nd
 scan (light gray), 
3
rd
 scan (black) 
 The substitution reactions at the surface performed here share a similar fate as in 
homogeneous chemistry where the degree of substitution is dependent on the choice of 
electrolyte anion. The reactions are also highly dependent on the phosphite concentration. 
It is impractical to perform substitution reactions at the surface with 1:1 stoichiometry 
and the concentrations used here serve as a guideline for future studies. Performing 
substitution reactions at an electrode is a complicated process with many potential 
pitfalls. The ambiguity in the required concentration and the number of competing 
decomposition reactions at play makes it difficult to choose experimental conditions. The 
above experiments are suggestive as to how to successfully pursue these types of 
reactions. No other studies of this kind are currently found in the literature. The 
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combination of experiments with concentration and electrolyte anions performed here are 
insightful for how to control metal-carbonyl substitution reactions at an electrode surface. 
6.7 Conclusion 
 For the first time, the substitution in cymantrene has been recognized to be 
dependent on the counter anion of the electrolyte. Ultimately, the substitution rate is 
enhanced with the weaker coordinating anion. The poor ion-pairing of TFAB to the 
cymantrene radical cation appears to promote reaction with the Lewis basic ligands, 
trimethyl and triphenyl phosphite. This phenomenon is likely to extend to other piano-
stool complexes and their substitution reactions. 
 The study of electrodes modified with cymantrene was found to be more 
difficult than that of ferrocene derivatized electrodes. Ferrocene electrodes are both more 
stable and more consistent in their electrochemistry. Nonetheless, the ability to perform 
substitution reactions at the electrode offers a fascinating opportunity for studying 
reactions occurring at the surface in real time. The control over the ligands at the 
manganese center also allows for the inclusion of a number of interesting phosphine and 
phosphite derivatives to the electrode surface. The choice of ligand can be modified such 
that additional chemistry at the electrode can be performed if desired, one possibility is 
shown in Scheme 6-10. 
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Scheme 6-10 
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Chapter 7: Spontaneous Attachment of Lithium-Alkynes on Glassy Carbon, Au and 
Pt Electrodes 
7.1 Introduction 
 The modification of the surface that occurs when an electrode is immersed in a 
solution without an applied potential is termed spontaneous attachment. This chapter 
reports on the spontaneous attachment of lithiated terminal alkynes to glassy carbon, 
gold, and platinum electrodes. This strategy is promising as a convenient method to 
attach a wide-range of alkynyl substrates to electrode surfaces without the necessity for 
electrochemical pre-treatment.
1,2
 Terminal alkynes containing the redox-active ferrocene 
moiety were employed to monitor surface coverage which in all cases was at the 
monolayer level or lower. The attachment of the lithium alkynes occurs rapidly in a 
matter of minutes in lithio-solutions at room temperature or in an electrochemical cell 
containing the lithio-analyte at cold temperatures. The surfaces were found to be robust to 
sonication in polar and non-polar solvents and, in the case of substrates containing stable 
redox couples, survived thousands of repetitive CV scans. The first three compounds 
studied for spontaneous attachment are shown below. 
 
7.2 Background 
 The mechanism of spontaneous attachment from ethynyl-lithium compounds is 
not currently understood. The radical grafting procedure using the reduction of diazonium 
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salts is also known to undergo spontaneous attachment, and this phenomenon has been 
studied extensively.
3
 An important facet of that chemistry, however, is the formation of 
multi-layers which can only be achieved through the generation of radicals, in contrast to 
the sub-monolayer coverage observed here. Since alkyne radicals obtained through the 
electrochemical oxidation ethynyl-lithium species do form multi-layers it does not appear 
as though significant radical chemistry is at play here, although, one possibility is for the 
oxidation of the ethynyl-lithium bond by surface oxide groups to give the radical. This 
would require a very high grafting efficiency to account for the coverage observed here 
and is considered unlikely. 
 Alternative mechanisms are the chemical reaction of the lithium species with the 
surface,
4
 Li-ion intercalation,
5
 and the attack of the nucleophilic species at the surface. 
The latter effect has been reported with primary and secondary amines.
6
 On carbon 
surfaces, the Michael addition of the amine to an “aromatic” ring at the surface is 
promoted by oxidized sites at the surface (Scheme 7-1).
6a
 The same surface oxides are 
present with the electrodes studied here.
7
 In addition, many of the experimental results 
reported here match the results obtained with the spontaneous modification of amines in 
reference 6a. The spontaneous modification with amines could also be translated to 
precious metal surfaces. A similar observation has been made here with the ethynyl-
lithium species. 
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Scheme 7-1 
 Alternatively, the spontaneous formation of self-assembled monolayers of 
terminal alkynes on precious metals is well-known,
8,9,10
 and the description of the 
bonding on gold has been investigated extensively.
10,11,12
 The bonding description at gold 
nanoparticles is described as an end-on binding mode of the alkyne to bridged or hollow 
sites in the gold clusters (Scheme 7-2).
8 
The lithiation of the alkyne may promote this 
reaction which typically requires much longer reaction times (ca. 1 day). 
 
Scheme 7-2 
7.3 Experimental Procedure 
 For general use, electrodes were prepared by polishing with diamond paste 
(Buehler) decreasing in size 3 – 0.25 µm and washed with acetone prior to electrode 
modification experiments. In control experiments with 1, 2, and 11, to ensure the 
spontaneous modification could not be attributed to an organic functionality at the 
electrode surface, the electrodes were pre-treated with Aqua Regia. Electrodes were left 
standing in Aqua Regia (3:1 hydrochloric acid to nitric acid, Caution! Aqua regia 
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solutions are extremely corrosive) for 15 minutes, then washed with deionized water, and 
sonicated for 5 minutes in 1:1 acetone to deionized water. The electrodes were then 
treated with the same polishing process as electrodes in the general procedure. 
 The general preparation of lithio-solutions at room temperature was for an ca. 
0.25 M solution in dry THF of the substrate bearing the terminal alkyne. The solutions 
were then lithiated with 1 equivalent of 1.6 M n-BuLi in hexanes (Acros). The lithiation 
was performed inside a nitrogen filled drybox. Electrodes were left standing in these 
solutions for 5-10 minutes allowing for spontaneous modification to occur. Alternative 
tests in electrochemical solutions (4-8 mM of lithium analyte) at cold temperatures (0 
o
C) 
yielded identical results and had the benefit of electrochemical analysis of the lithio-
solution.  
 After the electrodes had been treated to the lithio-solutions, they were taken out 
of the drybox for work-up. The general work-up of the electrodes was similar to that for 
electrodes modified electrochemically. The electrodes were washed with acetone, 
sonicated in DCM or acetone for 2 minutes, washed, then tested in fresh electrochemical 
solutions. To confirm strong, possibly covalent, attachment, the electrodes were washed 
with acetone, sonicated in 1:1 acetone to deionized water (5 minutes), washed with 
acetone, and sonicated once more in DCM (5 minutes). Electrodes were tested in DCM/ 
0.1M [Bu4N][PF6] in the drybox or on a benchtop under ambient atmosphere with 
reagent-grade solvent. 
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7.4 Modified Electrodes 
 When electrodes were placed in fresh electrochemical solutions after standing in 
the lithio-solutions, surface waves attributed to the ferrocene moiety were observed 
(Figure 7.1). The potentials for the modified electrodes are in good agreement with the 
potentials found for the same analyte in homogeneous solutions (Table 1).  
Table 7.1 Homogeneous and heterogeneous potentials of 1, 2, and 11 
Analyte E1/2
a 
(V) E1/2
b 
(V) Γ 
c
Layers
d
FWHM
e
 (mV)
1 0.14 0.12 3.4 0.75 186
2 -0.03 -0.04 2.3 0.50 96
11 0.25 0.20 2.3 0.51 143
Homogeneous and heterogeneous potentials
a: In solution, 1 mM in DCM and 0.1 M [Bu4N][PF6]
b: Modified electrode, in DCM and 0.1 M [Bu4N][PF6]
c: in units of 10
-10
 mol/cm
2
d: Surface coverage based on ferrocene (4.5 x 10
-10
 mol/cm
2
); Ref. 14
e: Full width half-height maximum (FWHM) determined in CV at 1 V/s  
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Figure 7.1 CVs of modified GCEs of 1, 2 and 11 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm GCE, ν = 
1 V/s; 1 (- - -black), 2 (black), 11 (gray) 
 The modified electrodes had behavior typical of surface-bound species. The 
peak currents were proportional to scan rate and the waves were roughly symmetrical as 
determined by the small differences in the separation of their peak potentials, ΔEp.
13
 A 
plot of peak current versus scan rate of the electrode is shown in Figure 7.3. The ΔEp of 
the modified electrode at the lowest scan rate of 0.25 V/s is 18 mV. 
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Figure 7.2 CV of modified GCEs of  2 in solutions of DCM/0.1M [Bu4N][PF6], ν = 0.25, 0.5 and 1.0 V/s 
 
Figure 7.3 Plot of peak current versus scan rate; linear trend line (solid black line) 
 The surface coverage of 2.3 x 10
-10 
mol/cm
2
 for electrodes modified with 2 
represents about half of a monolayer, based on the calculation for an idealized monolayer 
of ferrocene is 4.5 x 10
-10 
mol/cm
2
.
14
 The surface coverage in spontaneous modification 
experiments did not exceed one monolayer for any of the lithio- analytes tested. The 
spontaneous modification was quite rapid and ten minutes tended to be a sufficient 
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amount of time to reach maximum surface coverage. Electrodes modified with 1 obtained 
from experiments in 0.25 M of Li-1 for extended periods of time are shown in Figure 7.4. 
Extended time in the solution of up to an hour did not lead to discernible changes in the 
surface coverage. Decamethyl ferrocene present in solution does not show electrode 
inhibition for these electrodes. This suggests there is not a build-up of other ‘blocking 
material’ at the electrode over time. 
 
Figure 7.4 CVs of GCEs modified with 1 in solutions of DCM/ 0.1 M [Bu4N][PF6], v = 0.5 V/s; added 
Fc*, electrodes held in lithio-solution for 10 (dark gray), 30 (black), and 60 (light gray) minutes 
 The observation that electrodes modified by 1, 2, and 11 do not show blockage 
of the decamethyl ferrocene redox couple suggests that only specific sites at the electrode 
react with the lithium species. CVs of modified electrodes of 1, 2, and 11 at 1 mm GCEs 
in the presence of decamethyl ferrocene (E1/2 = -0.59 V) are shown in Figure 7.5. 
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Figure 7.5 CVs of modified GCEs of 1, 2, and 11 in solutions of DCM/ 0.1 M [Bu4N][PF6], 1 mm GCE, ν 
= 1V/s; 1 (dark gray), 2 (light gray), 11 (black) 
7.5 Stability  
 The modified electrodes were both chemically stable, surviving extended 
sonication in various solvents, and electrochemically stable. The electrochemical stability 
of the electrodes was tested by repetitive CV scans past their oxidation wave (Figure 7.6). 
The stability mirrored that observed for electrodes modified electrochemically. The loss 
of coverage, calculated from the change in charge underneath the oxidation wave, was 
about 40% after 100 scans of either a spontaneous modified electrode (top lines in Figure 
7.6), or an electrochemically modified electrodes of 1 (bottom lines in Figure 7.6).  
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Figure 7.6 CVs of GCEs modified with 1 in solutions of DCM/ 0.1 M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 
V/s, CV of the first scan (black) and after 100 scans (gray): spontaneously modified electrode (top), 
electrochemically modified (bottom) 
 The spontaneously modified electrodes of 11 were stable to several hundred 
repeated scans (Figure 7.7) and electrodes modified with 2 to several thousand (Figure 
5.22). The origin of the greater stability with the ester and ether linker is attributed to the 
flexibility in their linkers, perhaps by allowing less electronic repulsion between the 
metal centers. The smaller FWHM of the modified electrodes modified by 2 and 11 are 
consistent with this model (Table 7.1 and Scheme 7-3).  
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Figure 7.7 CVs of GCEs modified with 11 in solutions of DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 
V/s, CV before (black) and after 1,000 scans (gray) 
 
Figure 7.8 CVs of GCEs modified with 2 in solutions of DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 V/s, 
CV before (black) and after 10,000 scans (gray) 
 309 
 
Scheme 7-3 
 A similar extended redox stability has been observed in ruthenium complexes 
with long, flexible linkers attached to electrode surfaces (Scheme 7-4).
15
 These electrodes 
displayed excellent stability in tests up to 1,000,000 consecutive scans.
15a
  The FWHM of 
the modified electrode studied there was ca. 100 mV. This flexibility has also been 
described as allowing for a more favorable interaction during the electron transfer 
reaction of the complex with the electrode (right hand side of Scheme 7-4).
15b 
 
 
Scheme 7-4 
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7.6 Control Experiments with Hydrogen-Terminated Alkynes 
 Control experiments were performed in 0.25 M THF solutions of 1, 2 and 11 
that were free of the lithiating reagent. Electrodes immersed in these solutions for ten 
minutes gave much smaller coverage that decomposed rapidly with repetitive scanning 
(Figure 7.9 to Figure 7.11). Although the peaks survive the same sonication procedure it 
is apparent in their shape and stability they are likely only chemisorbed species. Leaving 
electrodes in solutions of 1 overnight gave similarly poor coverage of apparently 
chemisorbed species. 
 
Figure 7.9 CVs of modified electrodes of 1 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm GCEs, ν = 
1V/s; from 0.25 M solutions of Li-1 (black) and 1 (gray) 
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Figure 7.10 CVs of modified electrodes of 2 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm GCEs, ν = 
1V/s; from 0.25 M solutions of Li-2 (black) and 2 (gray) 
 
Figure 7.11 CVs of modified electrodes of 11 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm GCEs, ν = 
1V/s; from 0.25 M solutions of Li-11 (black) and 11 (gray) 
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7.7 Other Compounds 
 The α- or β-ethynyl bis(fulvalene)diiron (BFD) derivatives and ethynylphenyl 
oligomers of ferrocene were tested for spontaneous modification in their respective 
electrochemical solutions containing lithio-analyte at 0 
o
C. Gold, platinum, and glassy 
carbon electrodes were tested and were found to be capable of spontaneous attachment 
with these lithio-species. The phenyethynyl oligomer results will be discussed here, 
whereas those with α-ethynyl BFD were discussed in Chapter 4. The spontaneous 
modifications of the phenylethynyl oligomers were performed at cold temperatures in 
electrochemical cells containing 5.5 mM of either Li-1, Li-23, or Li-25. The lithio-
solutions were prepared using the in situ lithiation method. CVs of these solutions and the 
modification results obtained electrochemically are presented in the last sections of this 
chapter.  
 
 Electrodes modified spontaneously with Li-1, Li-23, and Li-25 are shown in the 
next seven figures. The electrodes modified with 1 at glassy carbon, gold, and platinum 
electrodes are shown first followed by CVs for electrodes modified by 23 and 25. All of 
the spontaneous modification was performed by leaving the electrode standing in the 
appropriate lithio-solution for ten minutes. 
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Figure 7.12 CV of a GCE modified with 1 in solutions of DCM/0.1M [Bu4N][PF6], 1 mm electrode, ν = 
0.5 V/s 
 
Figure 7.13 CV of a Au electrode modified with 1 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm 
electrode, ν = 0.5 V/s 
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Figure 7.14 CV of a Pt electrode modified with 1 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm electrode, 
ν = 0.5 V/s 
 
Figure 7.15 CV of a GCE modified with 23 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm electrode, ν = 
0.5 V/s 
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Figure 7.16 CV of a Au electrode modified with 23 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm 
electrode, ν = 0.5 V/s 
 
Figure 7.17 CV of a Pt electrode modified with 23 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm 
electrode, ν = 0.5 V/s 
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Figure 7.18 CV of a Au electrode modified with 25 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm 
electrode, ν = 0.5 V/s 
 The properties of the modified electrodes are summarized in Table 7.2. To note, 
spontaneous modification in Li-25 solutions was only tested with a gold electrode. The 
surface coverage and wave shape were most strongly variable in the case of ethynyl 
ferrocene, 1, in which the ferrocene moiety is closest to the electrode surface. The shape 
of the waves for electrodes modified by 23 were largely independent of the type of 
surface. 
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Table 7.2 Homogeneous and heterogeneous electrochemical properties 
Au Pt GC
1 0.11 0.11 0.54 0.13 0.29 189 50
23 0.09 0.08 0.88 0.38 0.81 110 40
25 0.08 0.06 0.58 - - 88
e
35
e
a: in solution, in DCM/ 0.1 M [Bu4N][PF6]
Compound E1/2 (V)
a
E1/2 (V)
b
FWHM
d ΔEp
dSurface Coverage (Layers)
c
b: at the electrode, in DCM/ 0.1 M [Bu4N][PF6]
c: compared to a monolayer of ferrocne (4.5 x 10
-10
 mol/cm
2
)
d: determined at a GCE, ν = 0.5 V/s
e: determined at a Au electrode  
 The advantage of spontaneous modification performed in an electrochemical 
cell is the added benefit of analyzing the lithio-solution. The lithio-solutions of 1, 23, and 
25 in the spontaneous modification experiments are described next. 
7.8 Lithio-Solutions of 1, 23, and 25 
 The lithio-solution of 1 was prepared first to calibrate the amount of n-BuLi for 
use in the in situ lithiations of 23 and 25. The weaker electronic communication of the 
alkynes in 23 and 25 with the iron center does not allow for as clear a visual confirmation 
of the success of the in situ lithiation as in Li-1. As discussed in Section 3.8, the addition 
of 1.2 equivalents of n-BuLi was sufficient to completely lithiate 1 (Figure 7.19). When 
the same amount of n-BuLi was used to lithiate solutions of 23 and 25, evidence for the 
“pre-wave” oxidaiton of the lihtiated speceis was seen only as a shoulder on the main 
oxidation of the parent terminal alkyne complex (see Figure 7.20 for 23 and Figure 7.21 
for 25). The smaller separations of the lithiated and non-lithiated oxidation processes are 
due to the greater distances between the iron-based oxidations and the terminal or 
lithiated alkynyl groups in 23 and 25. Nevertheless, continuous CV scans in these 
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solutions yield electrodes with surface coverage that exceeds a monolayer. An electrode 
with the greatest surface coverage (six layers) is shown as an example in Figure 7.22. A 
summary of the surface coverages obtained in the electrochemical experiments is in 
Table 7.3.  
 
Figure 7.19 CVs of 5.5 mM 1 (gray) and Li-1 (black) in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
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Figure 7.20 CVs of 5.5 mM 23 (gray) and Li-23 (black) in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 
V/s 
 
Figure 7.21 CVs of 5.5 mM 25 (gray) and Li-25 (black) in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 
V/s 
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Figure 7.22 CV of an electrode modified with 23 in solutions of DCM/0.1M [Bu4N][PF6], 2 mm GCE, ν = 
0.5 V/s 
Table 7.3 Heterogeneous properties of 1, 23, and 25 
Analyte
1 1.3 202 354 1.3 97 158 0.9 82 153
5 1.9 182 344 4.3 106 183 1.8 108 179
10 3.4 199 310 6.0 119 190 3.3 128 204
Scans
b FWHM 
(mV) PF6
Layers
a
1 23 25
FWHM 
(mV) TFAB
FWHM 
(mV) PF6
FWHM 
(mV) PF6
FWHM 
(mV) TFAB
a:based on a monolayer of ferrocene being 4.5 x 10
-10 
mol/cm
2
b: Continuous scans were made to 1 V at 0.2 V/s in the lithio-solutions
FWHM 
(mV) TFAB
Layers
a
Layers
a
 
 The electrodes were tested with [Bu4N][PF6] and [Bu4N][TFAB] electrolyte 
solutions. The TFAB anion has a similar effect on the electrodes as previously described 
for ethynyl ferrocene, 1, in Chapter 4. The increase in FWHM values going from [PF6]
-
 to 
TFAB appears to be roughly half of the values obtained for 1 (120-150 mV) when 
electrodes are modified with 23 or 25 (60-70 mV).  The positive potential shift of ca. 
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0.09 V is still apparent in the longer phenylethynyl linkers. The potentials of the modified 
electrodes in DCM/0.1M [Bu4N][PF6] are 0.10, 0.06, and 0.08 V for 1, 23, and 25, 
respectively, and the potentials of the modified electrodes in DCM/0.05M [Bu4N][TFAB] 
are 0.19, 0.14, and 0.16 V for 1, 23, and 25, respectively.   
7.9 Stability of Rigid Linkers 
 To test the hypothesis for increased redox stability with low FWHM values, 
which can originate from lower electronic repulsion or greater flexibility, the electrodes 
modified in the previous section with 1, 23, and 25 were tested in continuous potential 
cycling experiments. The rigid linkers in 23 and 25 do not share the flexibility of the 
ether or ester linkers but have similarly low FWHM values compared to ethynyl 
ferrocene (Table 7.3). The low FWHM values are attributed to the large spatial separation 
between electroactive centers due to the added phenylethynyl groups. If the electrodes of 
23 and 25 are more durable than ethynyl ferrocene it should rule out structural flexibility 
as a prerequisite for redox stability. The observed stability could then be attributed to a 
lack of strong electronic interactions between the electroactive centers. 
 CVs for the modified electrodes of 1, 23, and 25 subjected to continuous 
potential scanning are shown next. Electrodes modified with 1 were able to survive 1000 
scans (Figure 7.23) while electrodes of 23 and 25 could only be tested to 100 scans 
(Figure 7.24 and Figure 7.25) before the signal decreased and could no longer be 
detected.  
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Figure 7.23 CV of an electrode modified with 1 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 1,000 
continuous scans, 1
st
 scan (black), 1000
th
 scan (gray) 
 
Figure 7.24 CV of an electrode modified with 23 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 100 
continuous scans, 1
st
 scan (black), 100
th
 scan (gray) 
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Figure 7.25 CV of an electrode modified with 25 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 100 
continuous scans, 1
st
 scan (black), 100
th
 scan (gray) 
 The trend of lower FWHM values and increased redox stability is not observed 
in this series of compounds. The redox stability of the electrodes is 1 > 23 > 25, while the 
FWHM values are 25 < 23 < 1 (Table 7.4). These results suggest structural flexibility is 
the important factor that relates low FWHM values back to improved redox stability such 
as that seen in the ether linked ferrocene, which has only minor decomposition after 
10,000 continuous scans (Figure 5.22). 
Table 7.4 Rate of decomposition in tests with continuous potential scanning 
1 1000 0.84 0.23 0.06 231 224
23 100 0.69 0.27 0.42 136 140
25 100 0.61 0.07 0.54 106 132
FWHMf 
(mV)
b: versus a monolayer of ferrocene (4.5 x 10
-10
 mol/cm
2
)
a: in THF/0.1M [Bu4N][PF6], v = 0.5 V/s
Rate of Loss (Γi-
Γf)/Scans x 100
Γi 
(layers)
b
Γf 
(layers)
bScans
aAnalyte
FWHMi 
(mV)
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7.10 Stability in [Bu4N][TFAB] Electrolyte Solutions 
 In addition to the redox instability observed with rigid linkers continuous 
scanning in solutions of [Bu4N][TFAB] show greater decomposition of the modified 
layers. After 100 continuous scans in a [Bu4N][TFAB] solution, an electrode modified by 
1 is essentially degraded of its electroactivity (Figure 7.26), whereas in [Bu4N][PF6] 
solutions a wave for the surface species is still evident after 1,000 scans (Figure 7.23). 
 
 
Figure 7.26 CV of an electrode modified with 1 in THF/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 0.5 V/s, 
100 continuous scans, 1
st
 scan (black), 100
th
 scan (gray) 
 The varying rates of decomposition with the choice of electrolyte is shown in 
the following two figures of an electrode modified with 25 whose first 25 scans are 
performed in [Bu4N][TFAB] (Figure 7.27) and the next 25 scans are shown in 
[Bu4N][PF6] (Figure 7.28). 
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Figure 7.27 CV of an electrode modified with 25 in THF/0.05M [Bu4N][TFAB]; 3 mm GCE, ν = 0.5 V/s, 
25 continuous scans, 1
st
 scan (black), 25
th
 scan (gray) 
 
Figure 7.28 CV of an electrode modified with 25 in THF/0.1M [Bu4N][PF6]; 3 mm GCE, ν = 0.5 V/s, 25 
continuous scans, 1
st
 scan (black), 25
th
 scan (gray) 
 The modified electrodes are clearly significantly less redox stable in the 
[Bu4N][TFAB] versus [Bu4N][PF6] solutions. The change in surface coverage with 
applied scans is summarized in Table 7.5. 
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Table 7.5 Rate of decomposition in tests with continuous potential scanning in different electrolytes 
25
a 25 2.11 0.86 4.99 208 194
25
b 25 1.10 0.83 1.08 155 160
FWHMi 
(mV)
FWHMf 
(mV)
b: in THF/0.1M [Bu4N][PF6], v = 0.5 V/s
c: versus a monolayer of ferrocene (4.5 x 10
-10
 mol/cm
2
)
a: in THF/0.05M [Bu4N][TFAB], v = 0.5 V/s
Analyte Scans
Γi 
(layers)
c
Γf 
(layers)
c
Rate of Loss (Γi-
Γf)/Scans x 100
 
 A similar trend has been reported for the stability at self-assembled monolayers 
(SAM) of ferrocene in aqueous solutions. Hydrophobic anions in those solutions offer 
greater stability as they form stronger ion pairs with the poorly solvated ferrocenium ions. 
The large number of alkyl groups in the SAM creates a non-polar environment around the 
ferrocenium. This effect originates from the thermodynamics of ion pairing at electrode 
surfaces which includes partial desolvation of the anion coming out of solution to form a 
bond with the ion at the surface (Scheme 7-5).
16
 This effect is not observed in 
homogenous solution.
17
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Scheme 7-5 
 Therefore, hydrophobic anions, such as, BF4 and PF6, show a more favorable ion 
pairing with the Fc SAM. This results in sharper peaks and lower oxidation potentials for 
the ferrocene oxidation under aqueous conditions. In contrast, hydrophilic anions, such as 
NO3
-
 and F
-
, have similar anion effects to the results observed in the non-aqueous 
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solutions studied here with the hydrophilic TFAB anion.
18
 The weaker ion pairing of the 
hydrophilic anions, more strongly solvated, with the hydrophobic ferrocenium SAM 
leads to broadening of the surface waves, a positive shift in the E1/2 potential of the 
ferrocene couple, a lower anodic current, and weaker stability.
19
 These effects have been 
studied extensively.
20
 It is interesting to observe the same effects here with the TFAB 
anion (Scheme 7-6). It is no surprise however, as the TFAB anion is extremely lipophilic, 
and removal of this anion from less polar, non-aqueous solutions and bond with 
ferrocenium at the surface would be expected to be highly disfavored. 
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Scheme 7-6 
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7.11 Summary 
 Glassy carbon, gold, and platinum electrodes are readily modified spontaneously 
in solutions containing ethynyl-lithium substrates. Substrates are attached to the surface 
through the alkyne linker. The results mimic the surface coverage and reaction times for 
the spontaneous modification of primary and secondary amines. It is proposed that the 
acetylide and amine moieties are sufficiently nucleophilic to react with ‘inert’ electrode 
surfaces. Potential application for use with molecular junctions is envisioned. 
Spontaneous attachment strategies are the predominant methods used for those types of 
studies.
21
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Chapter 8: The Direct Oxidation of Alkynes and Alkenes 
8.1 Introduction to the Direct Oxidation Method 
 The design and success of the ethynyl-lithium modifications was credited in part 
to the presence of a sufficiently good leaving group. The loss of a lithium ion following   
oxidation at the alkyne was proposed. Examples of this motif for good leaving groups in 
electrode modification methods can be found in the highly successful diazonium-
reduction approach which makes use of dinitrogen,
1
 the carboxylate oxidation approach 
with carbon dioxide,
2
 and alkyl iodide reduction with an iodide anion
3
. Efforts to 
ameliorate the necessity of a strong base (n-BuLi) to provide the leaving group led to 
studies with milder bases and conditions. To our surprise, the most effective 
modifications could be performed with the original compound in tact under standard 
electrochemical conditions by applying more positive potentials to the parent terminal 
alkynes (Eq. 22). The proposed alkyne cation intermediate is highly acidic and rapidly 
forms an alkyne radical after loss of proton. 
R-C≡C-H   -   e-   →   R-C≡C•    +   H+     (22) 
 The benefits of this new grafting procedure are that it can be accomplished 
without prior chemical derivatization of the terminal alkyne, at room temperature, and at 
sub-millimolar concentration of the analyte making it a convenient route in electrode 
modification strategies. This grafting procedure has analogies to the oxidation of primary 
and secondary amines
4
 and alcohols
5
, whose mechanisms also propose the loss of proton 
after oxidation.
6
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 To probe the mechanism and scope of these results a collection of compounds 
were synthesized altered in their environment around the terminal alkyne. The ferrocene 
moiety was employed again due to its stability as an electroactive compound which can 
be exploited to determine the degree of modification. Ferrocene derivatives containing a 
terminal alkyne directly at the Cp ring (Cp = η5-C5H5) 1, and with a variety of tethered 
linkers, through an ester 11-14, through an ether linker 2, 15-18, and through a phenyl 
ring 23 and 25, were successfully deposited. Ethynyl-cobaltocenium 
hexafluorophosphate, ruthenocene with an ether linked terminal alkyne, para-nitro 
phenylacetylene, and 5,10,15,20-(4-ethynylphenyl)porphyrin (‘Et-TPP’) were also 
deposited demonstrating that the grafting procedure is widely applicable.  
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 The method was also extended to alkenes and successful modification was even 
achieved in the case of substituted alkynes bearing a trimethylsilyl (TMS) group. The 
results of these experiments are discussed in Sections 8.19 and 8.12, respectively. 
Experiments are still underway to find the limits of the alkene and alkyne reactivity at 
their anodic oxidations.  
 
8.2 Experimental Procedure for Direct Oxidation 
     Reactions and manipulations were performed inside a dry box under a 
nitrogen atmosphere unless otherwise stated. Tetrahydrofuran (THF) and 
dichloromethane (DCM) were dried via a solvent dispensing system.  Solvent was 
transferred into a drybox and stored over 3Å molecular sieves. 
 All electrochemistry was performed in a drybox in rigorously dry solvents with 
0.1M [Bu4N][PF6] as the supporting electrolyte at room temperature. A Ag/AgCl coated 
silver wire was used as a quasi-reference electrode alongside a platinum wire counter 
electrode in a single compartment cell. Experiments used 1 and 2 mm glassy carbon 
(GCE), gold, and platinum electrodes polished prior to use with diamond paste (Buehler) 
decreasing in micron size (3 – 0.25 µm). 
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 Single scans into the oxidation of the alkyne at positive potentials ca. 1.3-1.6 V 
vs ferrocene (FcH) led to successful electrode modification. Decamethyl ferrocene was 
used as an internal reference (E1/2 = -0.59 V vs FcH in DCM, E1/2 = -0.45 V in THF) and 
was added to the solutions after modification. The presence of decamethyl ferrocene 
inhibited electrode modification, possibly due to the close proximity of the second 
oxidation of decamethyl ferrocene to the alkyne or alkene oxidation potentials (in 
DCM/0.1M [Bu4N][PF6], Fc* oxidations at E1/2
0/+
 =  -0.59 V and E1/2
+/2+
 = 1.21 V). The 
modified electrodes were sonicated in dichloromethane (5 minutes) and washed with 
acetone prior to electroanalysis in fresh solutions. 
 Metallations of the porphyrin modified electrodes were performed in solutions 
of 1.0 M ZnCl2 solutions in diethyl ether (Acros) in a drybox. The metallation could also 
be accomplished with zinc acetate (‘saturated’) in reagent grade DCM after 2 hours in 
solutions under ambient atmosphere. 
 Indium tin oxide (ITO) slides (70-100 Ω/sq) were purchased from Sigma and 
washed with copious amounts of acetone before and after modification. ITO slides were 
modified with Et-TPP for characterization in UV-vis spectroscopy. UV-vis experiments 
were performed with an OLIS-modified Cary-14 instrument.  
8.3 Electrochemistry of Ethynyl Ferrocene, 1 
 The homogeneous electrochemistry of the ferrocene containing compounds 
consisted of a one electron metal-centered oxidation of the ferrocene moiety, E1/2
Ox1
, and 
a more positive irreversible oxidation at Ep
Ox2
 that led to modified surfaces (Scheme 8-1). 
In the case of compounds 1, 2, 12, and 16, the second oxidation also led to a discernible 
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irreversible reduction wave, Ep
Red1
, assigned to the reduction of protons generated in the 
grafting procedure. A CV scanned to the potential for the direct oxidation of the terminal 
alkyne of 1 is shown in Figure 8.1. 
 
Scheme 8-1 
 
Figure 8.1 CV of 0.65 mM 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
 After one scan into the alkyne oxidation, the electrode was removed from 
solution, work-up was performed (sonication and rinsing), and the electrode was placed 
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in a fresh electrochemical solution for analysis. In fresh solutions, the electrodes showed 
modification consistent with the covalent attachment of ethynyl ferrocene to the electrode 
(Figure 8.2). The traits previously described for surface waves are evident in the CVs for 
the GCE modified with 1. The modified electrode had a surface coverage of 8.1 x 10
-10
 
mol/cm
2
 and an E1/2 potential of -0.01 V consistent with 1 at the electrode. 
 
Figure 8.2 CV of an electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s  
  Following the success of 1 to form modified electrodes the behavior of the 
alkyne oxidation of 1 was explored under different solution conditions.  
8.4 Electrochemistry of the Alkyne Oxidation in 1 
 In the solution of 1, the peak current in the alkyne oxidation appears as a multi-
electron wave at low concentration. The proposed mechanism for the multi-electron wave 
is to regenerate the terminal alkyne from the the alkyne radical reacting with the solution 
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(top of Scheme 8-2). A similar mechanism was proposed for ferrocene compounds and 
their ethynyl-lithium oxidation (Section 3.7) where the parent ferrocene derivative was 
reformed following anodic oxidation of the lithio-species (bottom of Scheme 8-2).  
 
Scheme 8-2 
 Increasing the concentration of 1 does not increase the peak current for the 
alkyne oxidation for 1 in DCM correspondingly (Figure 8.3). 
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Figure 8.3 CV of 8.0 mM 1 in DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 0.2 V/s 
 The modification of the electrode with ethynyl ferrocene likely inhibits fast 
electron-transfer with the solution diminishing the observed anodic current (Scheme 8-3). 
This results in a constant signal height for the alkyne oxidation in the CVs at different 
concentrations of 1. 
 
Scheme 8-3 
 342 
 This effect can be seen in repetitive scans of the solution. In the first scan the 
alkyne oxidation is observed (black line Figure 8.4) and in the second scan the wave is 
greatly diminished and the shape of the ferrocene/ferrocenium wave appears slightly 
distorted (gray line Figure 8.4). This suggests decreased electron-transfer kinetics 
between the electrode and solution upon formation of the modified electrode. 
 
Figure 8.4 CVs in 3.0 mM 1 in DCM/0.1M [Bu4N][PF6]; 2 mm Au electrode, ν = 0.2 V/s, 1
st
 scan (black), 
2
nd
 scan (gray) 
 The effect of testing the solution with different electrode compositions is shown 
next in Figure 8.5. Glassy carbon and gold electrodes share similar shapes of the alkyne 
oxidation wave. The Pt electrode shows diminished current signal for the alkyne 
oxidation. The surface coverage of the different electrode surface followed a similar trend 
to that observed previously in ethynyl-lithium oxidation. The results of the electrodes 
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from the scans from Figure 8.5 were for a surface coverage of 1.03 layers with glassy 
carbon, 0.72 layers with the gold electrode, and 0.64 layers with the platinum electrode. 
 
Figure 8.5 CVs of GC (black), Au (gray), and Pt (gray ---) in 3.0 mM 1 in DCM/0.1M [Bu4N][PF6]; 2 mm 
electrodes, ν = 0.2 V/s 
 In the next four sections, the general behavior of 1 in electrode modification is 
discussed. 
8.5 Number of Applied Scans 
 A single scan was found to give consistent results in the electrode modification 
by 1. With a single scan, monolayer or greater level of surface coverage could be 
obtained, the surface waves were well-behaved, and the experimental procedure was 
convenient. When multiple scans were used, the electrode modifications were 
inconsistent. The modification would often yield poorly shaped waves, no modification, 
or, less often, greater surface coverage. Scanning the electrode into potentials for the 
alkyne oxidation are known to decompose the modified electrodes, combined with the 
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often deleterious effect of multiple scans, a single scan was chosen for  the general 
procedure in modification experiments. The general procedure for testing new 
compounds was with a single scan at 0.2 V/s into the alkyne oxidation in solutions of 2-3 
mM of the analyte. Instances where a single scan was insufficient, such as when the 
environment around the alkyne suffered steric constraints, 8, multiple scans were 
employed and did lead to higher surface coverage. In the opposite scenario, where the 
compound is too active such as with 23 and 25, lower concentrations could be used to 
alleviate problems associated with polymerization, decomposition, etc. 
8.6 Solvent Conditions for the Direct Oxidation of 1 
 Dry solvent conditions in DCM were necessary to achieve modification with 
compound 1. Tests in reagent grade solvent did not lead to modification, although, 
electrode inhibition was observed. Tests under solvent conditions where there was an 
extent of  moisture present showed the emergence of a more positive shoulder in the 
modified electrodes obtained from those solutions (black line in Figure 8.6), compared to 
tests with 1 in rigorously dry solvent (gray line in Figure 8.6). Tests in more coordinating 
solvents such as THF exacerbated this affect and either inhibited successful modification 
or led to the emergence of two distinct peaks at the modified electrodes (Figure 8.7). 
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Figure 8.6 CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
electrode modified under different solvent conditions 
 
Figure 8.7 CV of an electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s. 
Electrode modified in a 5.0 mM solution of 1 in THF/0.1M [Bu4N][PF6] 
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8.7 Applied Potential and Scan Rate 
 The effect of applied potential and scan rate were studied at different 
concentrations of 1 in DCM. There were some variations on the shape of the wave and 
surface coverage in CVs performed at different concentrations, applied potential, and 
scan rate. In the upcoming figures modified electrodes obtained at different scan rates and 
various Eapp and analyte concentrations of 1 are shown. The tests in the first figure were 
performed in a 0.65 mM solution of 1 scanning to an Eapp = 1.6 V (Figure 8.8), the same 
concentration was tested scanned to an Eapp = 2.0 V (Figure 8.9), a concentration of 2.6 
mM 1 at an Eapp = 1.8 V (Figure 8.10), and a 5.2 mM solution at Eapp = 1.8 V (Figure 
8.11). 
 
Figure 8.8 CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
modified in 0.65 mM 1 to an Eapp = 1.6 V, at 0.1 V/s (light gray), 0.3 V/s (black), and 0.6 V/s (dark gray) 
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Figure 8.9 CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
modified in 0.65 mM 1 to an Eapp = 2.0 V, at 0.1 V/s (light gray), 0.3 V/s (black), and 0.6 V/s (dark gray)  
 
Figure 8.10 CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
modified in 2.6 mM 1 to an Eapp = 1.8 V, at 0.1 V/s (light gray), and 0.3 V/s (black) 
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Figure 8.11  CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
modified in 5.2 mM 1 to an Eapp = 1.8 V, at 0.1 V/s (light gray), 0.3 V/s (black), and 0.6 V/s (dark gray) 
 The modified electrodes show certain dependences on the scan rate and applied 
potential. At the highest concentration, scans began to give poorly behaved, distorted 
surface waves (Figure 8.11). The maximum coverage obtained at the different 
concentrations was, nevertheless, relatively consistent around a nominal two monolayers 
(Figure 8.12). This value was determined versus the value for a ferrocene monolayer of 
4.5 x 10
-10
 mol/cm
2
.
7
 
 349 
 
Figure 8.12 CVs of electrodes modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 
modified in 2.6 mM 1 (light gray), 5.2 mM 1 (black), and 0.65 mM 1 (dark gray) 
 The surface coverage of the modified electrodes in Figure 8.8 to Figure 8.11 is 
summarized in Table 8.1. 
Table 8.1 Summary of Electrodes Modified with 1 
0.1 0.3 0.6
0.65 1.6 0.57 1.15 0.82
0.65 2.0 0.92 1.18 1.42
2.6 1.8 1.32 1.49 -
5.2 1.8 1.91 1.76 1.80
Scan rate (V/s)
Surface coverage (Layers)
Concentration 
of 1 (mM) E app  (V)
 
 These results suggested that for the modification of electrodes with 1 a single 
scan in 2-3 mM analyte solutions at moderate scan rates (0.3 V/s) are sufficient.  
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8.8 Electrolyte Effects in Electrode Modification of Ethynyl Ferrocene 
 Tests in DCM with the weakly coordinating anion (WCA) TFAB were not 
amenable to electrochemical analysis of the alkyne oxidation. The WCA pushes out the 
second oxidation to more positive potentials and reduces the available solvent/electrolyte 
window for analysis. In Figure 8.13, scans of 1 with the electrolytes, [Bu4N][TFAB] and 
[Bu4N][PF6], into the alkyne oxidation region are compared. The linear oxidation wave 
starting ca. 1.5 V in [Bu4N][TFAB] is the anodic decomposition of the solution (black 
line Figure 8.13). The rising anodic current in the [Bu4N][PF6] solution starting at 
potentials more positive of 1V is absent in the TFAB solution suggestive of the alkyne 
oxidation being pushed out to more positive potentials. This effect is attributed to the 
weaker ion pairing with the WCA known to enhance the peak separation of molecules 
with multiple distinct oxidation states.
8
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Figure 8.13 CV of 0.65 mM 1 in DCM/ 0.1 M [Bu4N][PF6] (gray) and 0.05 M [Bu4N][TFAB] (black); at ν 
= 0.5 V/s 
 Surprisingly, the Ep
Red1
 for proton reduction is apparent in the TFAB solutions at 
Epa = -0.90 V (black line in Figure 8.13) and in fresh electrochemical solutions there is a 
new surface couple at the modified electrode (black line in Figure 8.14). The electrode 
obtained from [Bu4N][PF6] is shown for comparison (gray line in Figure 8.14). The 
electrodes modified in TFAB have diminished activity consistent with the poor 
electrochemistry observed in the alkyne oxidation region in that media. 
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Figure 8.14 CV of electrodes modified with 1 from solutions of DCM/0.1M [Bu4N][PF6] (gray) and 0.05M 
[Bu4N][TFAB] (black) tested in DCM/0.1M [Bu4N][PF6]; at ν = 0.5 V/s, Fc* (E1/2 = -0.59V)present in 
solution 
 Other traditional electrolyte anions, such as [BF4]
-
, [ClO4]
-
, [CF3SO3]
-
, etc., have 
not yet been explored, it is likely there are important differences. The electrolyte 
[Bu4N][PF6] has been adequate for the modifications performed thus far.  
8.9 Electrochemistry of Compound 2 in Different Solvents 
 In contrast to 1, 2 gave successful modification in both DCM and THF, and in 
THF the surface coverage for 2 increases from the values obtained in DCM. The same 
tests with 1 led to a loss in the modification or poorly shaped waves were observed at the 
modified electrodes (Figure 8.7).   
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 Electrode modification with 2 was explored further with benzotrifluoride (BTF), 
and acetonitrile (MeCN) at various analyte concentrations. Shown in the ensuing figures 
are CVs of 2 at different concentrations in the various solvents. The broadening of the 
waves in BTF and THF is due to a higher cell resistance in those media (Figure 8.16 and 
Figure 8.17).  
 In the non-coordinating solvents, DCM and BTF, the alkyne oxidation is 
independent of scan rate. The alkyne oxidations in THF and MeCN, the more strongly 
coordinating solvents, maintain the multi-electron nature of the alkyne oxidation at higher 
analyte concentrations seen earlier at lower concentrations in DCM (Figure 8.1). These 
results suggest that the solvent plays an important role in promoting the reaction at the 
alkyne oxidation (Scheme 8-4).
9
  
 
Scheme 8-4 
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Figure 8.15 CVs of 2 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.3 V/s, 0.54 mM 2 (light gray), 2.4 
mM 2 (dark gray), 4.2 mM 2 (black) 
 
Figure 8.16 CVs of 2 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.3 V/s, 0.75 mM 2 (light gray), 2.0 mM 
2 (dark gray), 4.5 mM 2 (black) 
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Figure 8.17 CVs of 2 in BTF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.3 V/s, 0.75 mM 2 (light gray), 2.0 mM 
2 (dark gray), 4.5 mM 2 (black) 
 
Figure 8.18 CVs of 2 in MeCN/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.3 V/s, 0.75 mM 2 (light gray), 2.0 
mM 2 (dark gray), 4.5 mM 2 (black) 
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 The results of the electrodes modified with 2 from solutions of DCM/0.1M 
[Bu4N][PF6] have a concentration dependence. At the lowest concentration (0.54 mM), 
the surface coverage reached a maximum of 1.9 x 10
-10
 mol/cm
2
 (or 0.43 monolayers). At 
higher concentrations—2.4 and 4.2 mM—the maximum coverage was identical and 0.75 
monolayers (3.4 x 10
-10
 mol/cm
2
) was obtained in both cases.  
 Scanning through the second oxidation in THF led to enhanced surface 
coverage. The surface coverage was consistent at analyte concentrations from 0.75 up to 
4.5 mM. A typical surface coverage from these experiments was 1.0 x 10
-9
 mol/cm
2
 (2.2 
layers) from a single CV scan at 0.2 V/s in a 2.0 mM solution of 2 in THF (dark gray line 
Figure 8.16). 
  MeCN and BTF, were tested at concentrations of 0.75, 2.0 and 4.5 mM 2. In 
MeCN small, poorly shaped waves were observed and in BTF solution the electrodes 
were modified with a low but consistent coverage of 0.17 monolayers at all 
concentrations. BTF, however, proved to be a difficult solvent to work with when using 
[Bu4N][PF6] as an electrolyte and, in addition to the low coverage observed, was not 
investigated further. Lower cell resistance can be obtained using [Bu4N][TFAB], but that 
has the drawback of a lower solvent/electrolyte window. Examples of the modified 
electrodes obtained from the different solutions are shown next.  
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Figure 8.19 CV of an electrode with 2 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, electrode 
modified in DCM, Fc* present in solution 
 
Figure 8.20 CV of a GCE modified with 2 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, electrode 
modified in THF 
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Figure 8.21 CV of a GCE modified with 2 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, electrode 
modified in BTF 
 
Figure 8.22 CV of a GCE modified with 2 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, electrode 
modified in MeCN 
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8.10 The effect of Acetonitrile in Solution 
 The failure for MeCN solutions of 2 to provide well-behaved modified 
electrodes cannot be explained by the coordinating ability of the solvent. The donor 
number (DN) of MeCN is lower than that of THF, 14.1 vs 20.0, respectively. In THF the 
electrode modification by 2 was straightforward and well-behaved. Other differences in 
the solvent are that MeCN is a more polar solvent, the dielectric constant of MeCN and 
THF being 37.5 and 7.5, respectively.
9
 To probe further the effect MeCN on 
modification, tests with 1 and 2 in solutions of dichloromethane were performed with 
added MeCN. The effect of the addition of MeCN on the CVs of 1 in DCM was to shift 
the alkyne oxidations to more negative potentials and increase the current passed (Figure 
8.23). This is in agreement with the electrochemistry observed for 2 in more coordinating 
solvents (Figure 8.16 and Figure 8.18). 
 
Figure 8.23 CVs of 2.5 mM 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCEs, ν = 0.2 V/s; increasing 
concentrations of MeCN: 0, 4, 136, 424, and 1530 mM, designated in the CVs by the dashed arrow 
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 The behavior of 1 and 2 showed a similar tolerance to high concentrations of 
MeCN up to ca. 2 M. The surface coverage of 1 increase slightly with the addition of 
MeCN, then began to decline steadily with increased MeCN concentration (black squares 
in Figure 8.24). The peak currents were used to quantify the changes in the modified 
electrodes. A similar trend of reduced modification with added MeCN was observed with 
compound 2 (gray diamonds in Figure 8.24). The surface coverage of electrodes modified 
with 1 varied from 8.4, decreasing to 0.47 x 10
-10 
mol/cm
2
 (or 1.9 to 0.1 layers) at 8 and 
1530 mM of MeCN present in the DCM solution, respectively. 
 
Figure 8.24 Peak current of the modified electrodes versus the acetonitrile in solution; tests performed in 
2.5 mM 1 (black) or 2.5 mM 2 (gray) 
 It appears the MeCN solvent may be just out of reach for use in electrode 
modification experiments described here. The solutions tolerate a considerable amount of 
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added MeCN and lower temperatures may benefit modification when using MeCN as the 
solvent. 
8.11 Survey of Ferrocene Derivatives 
 A summary of the results with an initial survey of ferrocene derivatives: 1, 2, 11, 
12, 14, 16, and 23 is shown in Table 8.2 and Table 8.3. All of the compounds were tested 
in DCM/0.1M [Bu4N][PF6] with one scan at 0.2 V/s to the alkyne oxidation. The results 
for 1, 2, 16, and 23 in THF/0.1M [Bu4N][PF6] are also reported and highlight the 
dependence on the choice of solvent seen between 1 and 2. The alkyne oxidation for the 
ferrocene esters, 11, 12, and 14, were outside the solvent/electrolyte window in THF. In 
THF, the compounds that were most active in DCM showed little to no coverage, while 
the less active species had greater surface coverage. These results suggest a balance in the 
solvent conditions to either promote loss of proton following oxidation in less activated 
species leading to enhanced coverage, or leading to conditions too caustic for the survival 
of the modified electrode. 
Table 8.2 Homogeneous and heterogeneous potentials 
Analyteb E1/2
Ox1 Ep
Ox2 Ep
Ox2-E1/2
Ox1 Ep
Red1 E1/2, s
Ox
1 0.14 1.56 1.42 -0.85 -0.01
2 -0.03 1.31 1.34 -0.95 -0.04
11 0.25 1.62 1.37 - 0.19
12 0.22 1.51 1.29 -0.68 0.21
14 0.21 1.54 1.33 - 0.20
16 -0.05 1.41 1.46 -0.98 -0.06
23 0.09 1.49 1.40 - 0.06
b: Tested at 1 mM and a scan rate of 0.2 V/s
a: All values V versus FcH0/+
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Table 8.3 Surface coverage of modified electrodes from the modification solvents, DCM and THF, 
determined in DCM/0.1M [Bu4N][PF6] 
Γ b Layers c Γ b Layers c
1 8.1 1.81 e -
2 3.4 0.75 10.3 2.29
11 3.1 0.68 - -
12 3.5 0.77 - -
14 1.1 0.25 - -
16 2.6 0.58 7.5 1.67
23
d 17.0 3.80 e -
a: Tests at 3.0 mM analyte, a single CV scan into E p
Ox2 at 0.2 V/s
b: in units of x 10 -10 mol/cm2
c: based on a ferrocene monolayer (4.5 x 10 -10 mol/cm2)
d: Tested at 1.5 mM
e: Negligible coverage
DCM THF
Analyte
a
 
 The modified surfaces of the ferrocene compounds consisted of a single 
reversible couple, E1/2, s
Ox
,
 
at a potential that closely matched that of E1/2
Ox1
. In all cases, 
the surface waves were proportional to scan rate and had ΔEp values of less than 56 mV, 
these characteristics are confirmation for surface bound species and successful electrode 
modification (Table 8.4).
10
  
Table 8.4 Peak separation of the surface waves in the modified electrodes 
Analyte
a
1
2
11
12
14
16
23
b
a: at max surface coverage and ν = 0.1 V/s
15
25
b: modifed GCE with ca. a monolayer
30
25
25
45
ΔEp (mV)
25
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 The modified surfaces obtained were highly reproducible, stable up to several 
weeks when stored in a drybox under nitrogen, had little to no decomposition upon 
repeated scans into their oxidation wave, and were resistant to sonication in a variety of 
solvents. The electrodes had suitable conductivity allowing for an accurate determination 
of the internal reference potential, decamethyl ferrocene (E1/2 = -0.59 V). The surface 
coverage was determined by integration of the current for the oxidative peak versus time 
and the value of 4.5 x 10
-10
 mol/cm
2
 for a monolayer of ferrocene was used a reference to 
determine the amount of layers formed.
7
  
8.12 Trimethylsilyl Derivatives of 1 and 15 
 Two trimethylsilyl (TMS) derivatives were tested in electrode modification to 
probe the proposed mechanism for the loss of proton at the terminal alkyne in the grafting 
procedure. The differences between the parent compounds and TMS derivatives are 
shown in the figures below. The first difference between 1 and 1-TMS is a noticeable 
shift in the first oxidation potential. The more negative potential for 1-TMS is typical of 
the electron donating ability of TMS. At more positive potentials in solutions of 1, the 
alkyne oxidation appears as a smaller, sharper anodic feature at Epa = 1.56 V (gray line 
Figure 8.25), while the alkyne oxidation of 1-TMS appears at a more negative potential, 
consisting of two broad irreversible oxidation waves (black line Figure 8.25).  
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Figure 8.25 CVs of 2 mM 1-TMS (black) and 1 (gray) in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 Tests with the ether-linked derivatives, 15 and 15-TMS, are shown in Figure 
8.26. The first oxidation waves overlap consistent with the weak interaction between the 
distal alkyne substituents and the iron center. At the potential for alkyne oxidation, the 
TMS derivative has an increased signal and additional electroactivity following the initial 
wave at Epa = 1.32 V. The increase in the oxidative current in the alkyne oxidation for 
TMS derivatives is attributed to the slower electrode modification which requires the 
more difficult loss of a TMS cation (Scheme 8-5).
11
 Thus the electrode is conductive to 
the solution for a longer period of time allowing for an increase in the current passed. 
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Scheme 8-5 
 
Figure 8.26 2.4 mM 15-TMS (black) and 15 (gray) in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 Modified electrodes were obtained in all cases. The modified electrodes 
obtained from the oxidation of the TMS derivatives have slightly distorted surface waves, 
but are, on the whole, well behaved surface waves robust to sonication in various solvent 
and continuous potential scanning. All of the electrodes were subject to 50 repetitive 
scans into their oxidation waves, in DCM/0.1M [Bu4N][PF6], and no remarkable 
decomposition occurred in these tests, i.e. less than 5% loss of coverage.  
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Figure 8.27 CV of an electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
Figure 8.28 CV of an electrode modified with 1-TMS in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
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Figure 8.29 CV of an electrode modified with 15 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
Figure 8.30 CV of an electrode modified with 15-TMS in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 
V/s 
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 The properties of the modified electrodes are summarized in Table 8.5. The 
observation for substituted alkynes to participate in electrode modification allows an even 
greater number of compounds for consideration in electrode modification. 
Table 8.5 Electrochemical properties of the modified electrodes 
Analyte
Coverage 
(layers)
FWHM 
(mV)
E1/2 (V)
1 2.32 230 0.03
1-TMS 0.59 195 0.07
15 0.76 130 -0.06
15-TMS 1.57
a
173
a
-0.07
a: poorly behaved surface wave  
 
8.13 Comparison of Substituted Ferrocene Ethers 
 Substituted ferrocene ethers were tested and modification was consistent with 
the trend observed in their lithio-solutions for the activity to be greater with 15 and 17, 
and much less with 18 (Section 4.11). The CVs of the analyte, in THF/0.1M [Bu4N][PF6], 
are similar with the exception of the peak at Epc = -0.94 V ascribed to the reduction of 
protons in solutions of 15. The compounds were tested using the general procedure 
outlined thus for, a concentration of 3.0 mM with one scan to the alkyne oxidation 
potential at a scan rate of 0.2 V/s (Figure 8.31). 
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Figure 8.31 CVs of 3.0 mM 15 (black), 17 (dark gray), and 18 (light gray) in THF/0.1M [Bu4N][PF6] at 0 
oC; 2 mm GCEs, ν = 0.2 V/s 
 The surface coverage was 4.7, 6.5, and 0.5 layers versus the ferrocene 
monolayer
7
 (4.5 x 10
-10 
mol/cm
2
) for 15, 17, and 18, respectively. Relevant 
electrochemical properties are listed in Table 8.6. The values obtained for electrodes 
modified with ethynyl-lithium oxidation are provided for comparison (Table 8.7). 
Table 8.6 Homogeneous and heterogeneous potentials of 15, 17, and 18; direct oxidation method 
Complex R THF DCM DCM FWHM (mV)
15 H 0.02 -0.01 -0.09 216
17 Me -0.02 -0.05 -0.09 230
18 Ph 0.00 -0.02 -0.03 160
E1/2 potentials
a
 (V)
In solution At an electrode
b
a: with 0.1 M [Bu4N][PF6] as the electrolyte
b: determined for electrodes with a surface coverage at ca. 0.5 monolayer  
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Table 8.7 Homogeneous and heterogeneous potentials of 15, 17, and 18; ethynyl-lithium oxidation method 
Complex R THF DCM DCM FWHM (mV)
15 H 0.02 -0.01 -0.02 111
17 Me -0.02 -0.05 -0.07 102
18 Ph 0.00 -0.02 -0.03 113
b: determined for electrodes with a surface coverage at ca. 0.5 monolayer
E1/2 potentials
a
 (V)
In solution At an electrode
b
a: with 0.1 M [Bu4N][PF6] as the electrolyte
 
 The level of surface coverage obtained using the direct oxidation method here is 
impressive. Multiple scans into the same lithio-solutions are not as active as a single scan 
into the direct oxidation of the terminal alkyne. The coverage obtained from the direct 
oxidation of 17 is 6.5 layers compared to ten continuous scans in the lithio-solution of 17 
which gave an electrode with an apparent surface coverage of 1.1 layers.  
 
Figure 8.32 CV of an electrode modified with 15 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
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Figure 8.33 CV of an electrode modified with 17 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
Figure 8.34 CV of an electrode modified with 18 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
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 The modified electrodes of 15 and 17 shown above are more distorted than their 
comparative electrodes modified in lithio-solutions. This is evidenced visually from the 
peculiar shape of the waves (Figure 8.32 and Figure 8.33) and from the larger FWHM 
values. The FWHM values from the direct oxidation are slightly larger than 200 mV 
(Table 8.6) versus the same values obtained in lithio-solution of ca. 100 mV (Table 8.7).  
 In the formation of the layers during direct oxidation the modification occurs in 
a single step while the electrode is in constant contact with solution radicals. It is 
therefore not surprising then that the electrode is conductive to solution analyte. Shown in 
Figure 8.35 is the electrode modified with 17 from Figure 8.33 with Fc* present. The 
wave for Fc* is indistinguishable from the CV of Fc* with an unmodified electrode.  
 This suggests that the formation of the layer is an uneven distribution of 
oligomers with available pinholes. A similar effect was observed at electrodes modified 
with 1 by the anodic oxidation of Li-1 either by scanning repetitively or at constant 
potential electrolysis (Section 3.13, Figure 3.37 and Figure 3.38). Scanning the electrode 
allowed for diffusion of lithio-species back to areas at the surface that were unmodified 
and an electrode with fewer pinholes (Scheme 8-6). This explains how an electrode with 
6.5 layers of material does not affect the waves for the solution analyte Fc*. 
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Scheme 8-6 
 
Figure 8.35 CV of a GCE modified with 17 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s, 0.2 mM 
Fc* present in solution 
8.14 Comparison of Phenylethynyl Ferrocene Oligomers 
 The phenylethynyl ferrocene oligomers were tested in THF/0.1M [Bu4N][PF6] at 
0 
o
C to see what affect the lower temperature had on modification. All three compounds 
give poor surface coverage in THF and are the most active in DCM. The CVs for the 
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solutions of 5.0 mM 1, 23, and 25 out to their alkyne oxidations are shown (Figure 8.36 
to Figure 8.38), followed by the resulting modified electrodes (Figure 8.39 to Figure 
8.42). 
 
 
Figure 8.36 CVs of 5.0 mM 1 in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s 
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Figure 8.37 CVs of 5.0 mM 23 in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s 
 
 
Figure 8.38 CVs of 5.0 mM 25 in THF/0.1M [Bu4N][PF6] at 0 
oC; 1 mm GCE, ν = 0.2 V/s 
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Figure 8.39 CV of an electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
Figure 8.40 CV of an electrode modified with 1 in DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 0.5 V/s 
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Figure 8.41 CV of an electrode modified with 23 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
 
Figure 8.42 CV of an electrode modified with 25 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.5 V/s 
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 The surface coverage in the modified electrodes of 1, 23, and 25 was 1.2, 0.3, 
and 1.0 layers respectively. The electrodes modified with 1 are poorly behaved and show, 
clearly, two separate redox couples at the surface (Figure 8.39). Tests in the electrolyte 
[Bu4N][TFAB] do little to change the shape and potentials of the waves suggesting they 
are not related (Figure 8.40). Likely, it is a result of the formation of two separate surface 
species varying in structure to the parent compound, ethynyl ferrocene.  
 In the next four sections, various compounds which participated in the direct 
oxidation of terminal alkynes to form modified electrodes are described. To start, a 
promising approach to form porphyrin modified elctrodes is examined. 
8.15 Porphyrin Modified Electrodes  
 Modification of glassy carbon, gold and platinum electrode surfaces with 
5,10,15,20-(4-ethynylphenyl)porphyrin (Et-TPP) was successfully accomplished by 
applying positive potentials upwards of 1.65 V. The electrode surface was further 
derivatized by treatment with zinc dichloride to form a metalloporphyrin at the electrode 
surface. Et-TPP was synthesized according to literature procedure
12
 and 
1
H NMR spectra 
were in good agreement with the reported spectra.
13
  
 
Scheme 8-7 
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 Porphyrins are an active and exciting area of research with many chemical and 
technological applications. Alongside, interest in their chemical and physical properties, 
the task of modification of surfaces with porphyrins has been actively pursued.14 Current 
research in this area utilizes the electropolymerization of porphyrins15, self-assembly of 
porphyrins with tethered functional groups16, thermal treatment of alkynes and alkenes17, 
‘click’ chemistry with self-assembled monolayers functionalized with azides18, and 
covalent modification through diazonium reduction19. The direct oxidation method 
facilitates a convenient route to immobilization of the porphyrin Et-TPP in which the 
modified surfaces can then be treated with solutions of an appropriate metal reagent to 
form the metalloporphyrin modified electrode.
20
 The method provides an economical 
approach for efficient immobilization of porphyrins to electrode surfaces and further 
functionalization to the desired metalloporphyrin having a number of advantages over 
current methods.  
 The anodic voltammetry of Et-TPP in solution is similar to that reported for 
other tetraphenylporphyrins displaying two porphyrin-based one-electron oxidations 
(0.58 V, 0.90 V).
 
However, there is additional activity at more positive potentials (Figure 
8.43), and the multi-electron wave at Epa = 1.36 V is ascribed to oxidation of one or more 
of the ethynyl groups. A single scan to 1.5 V produced a modified electrode having 
reversible oxidation (E1/2 = 0.50 V) and reduction (E1/2 = -1.80 V) couples consistent with 
an attached porphyrin (Figure 8.44).  
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Figure 8.43 CV of 1 mM Et-TPP in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 Single cyclic voltammetry (CV) scans at 0.2 V/s were employed in the 
modifications to form an approximate monolayer of Et-TPP from the alkyne oxidation.21  
The average surface coverage obtained in this way was 6 x 10
-10
 mol/cm
2
 (obtained from 
integration of the reductive portion of the first reduction peak at -1.74 V). This value is in 
good agreement with the coverage obtained with the diazonium method and a nickel 
porphyrin.
19b
 The modified surface of Et-TPP was stable to scans into the first oxidation 
and reduction waves (Figure 8.44).  
 381 
 
Figure 8.44 CV of a GCE modified with Et-TPP in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.0 V/s 
 Chemical confirmation was obtained by treating a modified electrode overnight 
to a 1.0 M solution of zinc dichloride (ZnCl2) in diethyl ether (Acros). After sonication, 
the electrode showed voltammetry in a pure electrolyte solution that was consistent with 
the electrochemistry of the zinc complex of Et-TPP, having two reversible oxidations at 
the expected potentials (0.34 V, 0.64V) for Et-TPP-Zn (Figure 8.45).
15c 
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Figure 8.45 CV of a GCE modified with Et-TPP-Zn in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.0 V/s 
 The comparable scan of a modified electrode of Et-TPP into the second 
oxidation led to degradation of the surface, Figure 8.46; similar irreversibility had been 
observed for Et-TPP in solution (bottom scan in Figure 8.43). 
 
Figure 8.46 CV of a GCE modified with Et-TPP in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.0 V/s, one 
scan into the first oxidation (black), two consecutive scans to the second oxidation (dark gray) 
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 Summarized in Table 8.8 are the homogeneous and heterogeneous 
electrochemical properties of the porphyrin Et-TPP and Et-TPP-Zn.22 Included are the 
results obtained using the same modification procedure with gold and platinum 
electrodes. 
Table 8.8 Electrochemical properties of the porphyrin 
Analyte E1
Ox
E2
Ox
E1
Red
E2
Red
Et-TPP 0.58 0.90 -1.62 -1.95
E-Et-TPP 0.54 0.92
a -1.74  -2.10
b
Et-TPP-Zn 0.46 0.72 -1.90 -2.32
E-Et-TPP-Zn 0.34 0.64 -1.89 -
Au Pt GCE
E-Et-TPP 4.7 2.2 6.1
E-Et-TPP-Zn 3.2 1.5 3.3
a: irreversible
b: slightly reversible
Homogeneous and heterogeneous ('E') potentials (V)
Surface coverage (x 10
-10
 mol/cm
2
)
 
 The modification process was pursued further on ITO slides (Sigma) to obtain 
UV-vis spectroscopy of the porphyrin modified electrodes.23 The UV-vis spectrum of a 
slide after anodic oxidation in a solution of Et-TPP showed the characteristic Soret band 
observed at 432 nm.24
,19a
 Further functionalization with zinc dichloride led to the 
expected shift to 440 nm for the metalloporphyrin.
18b
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Figure 8.47 UV-vis spectrum of Et-TPP modified ITO (black) and Et-TPP-Zn modified ITO (gray); Au 
(arbitrary units) 
 To conclude, the successful deposition of 5,10,15,20-(4-ethynylphenyl) 
porphyrin covalently attached electrode surfaces has been accomplished by the direct 
oxidation of its terminal alkynes. The derivatization of the porphyrin with metal reagents 
post-modification provides an overall efficient route to form chemically important 
organometallic compounds attached to a surface.  
8.16 Electrodes modified with α-Ethynyl Bis(fulvalene) Diiron 
 Electrodes were modified with α-ethynyl bis(fulvalene)diiron (α-BFD) using the 
general procedures discussed so far. Shown next is the CV for α-BFD out to the alkyne 
oxidation, Epa = 1.53 V (Figure 8.48). The appearance of a stripping wave at Epc = 1.41 V 
is characteristic for the cathodic removal of an adsorbed species.  
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Figure 8.48 CV of 0.5 mM α-BFD in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 Electrodes taken from solution following oxidation of the alkyne show the 
characteristic waves for the two redox waves of a BFD derivative (Figure 8.49). The 
behavior in different electrolytes is also shown here, as well with [Bu4N][PF6] and 
[Bu4N][TFAB] (Figure 8.50). These results are analyzed in more detail in Section 4.15. 
 386 
 
Figure 8.49 CV of an electrode modified with α-BFD in DCM/0.1M [Bu4N][PF6] (black) and 0.05M 
[Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
 
 
Figure 8.50 CV of an electrode modified with α-BFD in DCM/0.1M [Bu4N][PF6] (black) and 
[Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.5 V/s 
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8.17 Electrodes Modified with the Ruthenocene Complex, 28 
 A ruthenocene complex bearing a terminal alkyne with an ether linker, 28, was 
explored for electrode modification. In the anodic oxidation of 28, Epa = 0.46 V, the 
complex undergoes an irreversible reaction leading to multiple decomposition products 
(black line Figure 8.51), in the second scan a new wave appears at E1/2 = 0.17 V (gray 
line Figure 8.51). Scans limited to this wave at different scan rates support the formation 
of a new surface species at the electrode. Exploring the solution further the new wave 
does not increase substantially (Figure 8.52), and the irreversible wave for ruthenocene 
decreases upon continuous suggestive of passivation of the electrode (Figure 8.53). 
 
 
Figure 8.51 CVs of 3.0 mM 28 in DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 0.4 V/s, Fc* present (E1/2 
= -0.59 V) 
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Figure 8.52 CVs of 3.0 mM 28 in DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 0.4 V/s, ten consecutive 
scans, 1
st
 scan (gray), 10
th
 scan (black) 
 
Figure 8.53 CVs of 4.0 mM 28 in DCM/0.1M [Bu4N][TFAB]; 2 mm GCE, ν = 0.2 V/s, five consecutive 
scans indicated by dashed arrow 
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 Removing the electrode from the solution of 28, sonication and washing, and 
placing the electrode in fresh electrochemical solution display surface waves assigned to 
the oxidation of ruthenocene (Figure 8.54). The oxidation is moderately reversible with a 
follow-up product at Epc = -0.14 V tentatively assigned to the partial dimerization of 28 at 
the electrode (Scheme 8-8).
25
 The favorable interaction of the dimer shifts the re-
reduction to less positive potentials. 
 
Figure 8.54 CV of electrodes modified with 28 in DCM/ 0.05 M [Bu4N][TFAB]; 2 mm GCE, ν = 0.2 V/s 
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Scheme 8-8 
  At higher scan rate, the wave for the reversible re-reduction of 28
+
 back to 28 is 
more prominent (Figure 8.55). 
 
Figure 8.55 CV of electrodes modified with 28 in DCM/0.05M [Bu4N][TFAB]; 2 mm GCE, ν = 3.2 V/s 
 Further characterization of the surface will be necessary to confirm the 
heterogeneous chemistry observed for 28. The electrochemistry of ruthenocene is often 
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complicated by multiple electron-transfers and decomposition.
26
 Previous surface studies 
of ruthenocene have reported poorly behaved electrochemistry.
27
 
8.18 Electrodes Modified with Cobaltocenium and Nitrobenzene 
 The compounds para-nitro phenylacetylene and ethynyl-cobaltocenium 
hexafluorophosphate 4 were successfully deposited in DCM/0.1 M [Bu4N][PF6] solutions 
containing 3.0 mM of the analyte. Their reductions (E1/2,s
Red
) were used to determine 
successful modification and surface coverage. CVs for the reduction of para-nitro 
phenylacetylene and 4 on modified electrodes are shown in Figure 8.56. 
 
 
Figure 8.56 CVs of modified electrodes of para-nitro phenylacetylene (A) and 4 (B) in THF/0.1M 
[Bu4N][PF6];  2 mm GCE, ν = 1.0 V/s 
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 The modification of para-nitro phenylacetylene (Ep
Ox
 = 1.65 V) was 
accomplished by controlled potential coulometry at 1.75 V for 10 seconds. The modified 
electrode had a coverage of 1.87 x 10
-10
 mol/cm
2
 and an E1/2,s
Red
 = -1.70 V in THF/0.1M 
[Bu4N][PF6]. The modification of 4 was obtained by one CV scan into its oxidation at 
Ep
Ox
 = 1.66 V at a scan rate of 0.2 V/s. The modified surface has a surface coverage of 
1.68 x 10
-10 
mol/cm
2
 and E1/2,s
Red
 = -1.32 V in THF/0.1M [Bu4N][PF6]. The reduction 
potentials of 4 and para-nitro phenylacetylene in solution, THF/0.1M [Bu4N][PF6], are -
1.18 and -1.39 V respectively. 
8.19 Electrodes Modified with Ferrocenyl Alkenes   
 Wendt previously studied the direct oxidation of alkenes and found them to have 
irreversible multi-electron oxidations at positive potentials of 1.14, 1.54, and 1.86 V vs 
SCE for 1,4-diphenylbutadiene, styrene, and 1,3-butadiene, respectively (acetonitrile/ 
0.1M NaClO4).
28
 The anodic oxidation for various alkenes in different solvents including 
DCM has been evaluated by Fleischmann, the potentials for oxidation were found to 
range from 1.70 to 2.35 V for cyclohexene to propene, respectively (acetonitrile/ 0.1M 
[Bu4N][BF4]).
29
 Important observations from that work are the anodic oxidation of 
propylene leads to the loss of proton, and the anodic oxidation, in DCM, has a significant 
portion of the alkenyl radical reacting with both the solvent to evolve HCl gas and the 
electrolyte anion to form 1-acetyl-2-fluoro propane (Scheme 8-9).  
 
Scheme 8-9 
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 Tests with ethynyl ferrocene have already shown that at the more positive 
potentials, the second oxidation of ethynyl ferrocenium was accessible and the acetylene-
based radical could be formed.
30
 Alkenes having similar anodic potentials as alkynes may 
undergo similar reactivity. The proposed mechanism for the modification with alkenes is 
similar to that of the alkynyl oxidations discussed thus far (top and middle in Scheme 
8-10). The mechanism for attachment with the simplest ferrocene derivative containing a 
terminal alkene, vinyl ferrocene, from its direct oxidation is outline at the bottom in 
Scheme 8-10.  
 
Scheme 8-10 
 CVs for the direction oxidation of 6 are shown in Figure 8.57. Similar to ethynyl 
ferrocene the compound has a reversible one-electron oxidation at E1/2 = -0.02 V and an 
irreversible oxidation of the unsaturated carbon-carbon bonds at Epa = 1.3 V (Figure 
8.57).
31
 Single scans into this wave (1 mM 6, 0.2 V/s) give an electrode which, in pure 
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electrolyte solution, shows a well-defined surface wave (Figure 8.59) consistent with 
monolayer level coverage of a ferrocenyl group (E1/2,s = -0.03 V, Γ = 2.7 x 10
-10 
mol/cm
2
). 
The modified electrodes are impervious to sonication, solvents, and hundreds of CV 
scans (5% loss of coverage after 1000 scans) (Figure 8.59). 
 
Figure 8.57 CV of 0.4 mM 6 in DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 0.2 V/s  
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Figure 8.58 CV of an electrode modified with 6 in DCM/0.1M [Bu4N][PF6]; 1 mm GCE, ν = 1.0 V/s 
 
Figure 8.59 CV of an electrode modified with 6 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 1.0 V/s; CV 
before (black) and after (gray) 1,000 consecutive scans at 1.0 V/s in the same potential range 
 396 
 Similar to electrodes modified with ethynyl ferrocene, the shape of the wave for 
electrodes modified with 6 are broader. The FWHM values of the electrodes were ca. 180 
mV. Ethynyl and vinyl ferrocene are expected to have similar environments and 
proximity to the electrode surface. 
 The ether derivative, 7, was tested for modification in DCM (Figure 8.60) and 
THF (Figure 8.61) solutions. The electrochemical data for compound 7 in homogeneous 
solution is reported in Table 8.9.  
Table 8.9 Homogeneous potentials for compound 7 
E1/2
Ox1
Ep
Ox2
Ep
Red1
DCM -0.05 1.40 -0.93 1.45
THF -0.01 1.37 -1.06 1.38
Solvent
Ep
Ox2
 - E1/2
Ox1 
(V)
(V) vs  FcH
0/+
 
 
Figure 8.60 CV of 3.0 mM 7 in DCM/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
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Figure 8.61 CV of 3.0 mM 7 in THF/0.1M [Bu4N][PF6]; 2 mm GCE, ν = 0.2 V/s 
 The electrodes were tested at scan rates of 0.2, 0.4, and 0.8 V/s for one scan into 
the alkene oxidation region of 7. The surface coverage of the modified electrodes was 
largely independent of scan rate. The electrodes modified with 7 from the DCM solution 
gave consistent surface coverage of ca. half a monolayer (Figure 8.62).  
 
Figure 8.62 CVs of electrodes modified with 7 in DCM/0.1M [Bu4N][PF6]; 2 mm GCEs, ν = 0.5 V/s. 
Electrodes modified by scanning into the alkene oxidation at 0.2 (dark gray), 0.4 (light gray), and 0.8 V/s 
(black) 
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 In solutions of THF the result of five electrodes were tested with a single scan at 
different scan rates (0.2 – 0.8 V/s), as well as slightly different applied potentials (Eapp = 
1.65 and 1.75 V). In all cases the surface coverage appears roughly consistent (Figure 
8.63). The electrochemical properties of the electrodes modified with 7 are summarized 
in Table 8.10. The difference in the surface coverage obtained between DCM and THF is 
illustrated in Figure 8.64. 
Table 8.10 Heterogeneous properties of 7 
DCM 1.8 0.41 148 40
THF 5.0 1.11 124 40
a: values determined at v = 0.5 V/s
Solvent
Γ (x 10-10 
mol/cm2)
Layers
FWHM 
(mV)a
ΔEp (mV)
a
 
 
Figure 8.63 CVs of electrodes modified with 7 in DCM/0.1M [Bu4N][PF6]; 2 mm GCEs, ν = 0.5 V/s. 
Electrodes modified by scanning into the alkene oxidation in THF with Eapp = 1.75 and 1.65 V 
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Figure 8.64 CVs of electrodes modified with 7 in DCM (gray) and THF (black)/0.1M [Bu4N][PF6]; 2 mm 
GCEs, ν = 0.5 V/s 
 Lastly, compound 8 was tested to see what effect the substitution around the 
alkene plays in the surface coverage. These solutions were less active and 1, 2, and 4 
scans into the alkene oxidation region (1 mM 8, DCM/0.1M [Bu4N][PF6], 0.2 V/s, Eapp = 
1.8 V) gave surface coverage of 0.17, 0.25, and 0.36 layers versus a ferrocene monolayer
7
 
(4.5 x 10
-10 
mol/cm
2
), respectively. 
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8.20 Summary 
 Scanning to more positive potentials in dry solvents, namely, DCM and THF, 
oxidizes unsaturated carbon-carbon bonds leading to radical attack at the surface and 
electrode modification. Experiments with ferrocenes containing terminal alkynes, TMS-
substituted alkynes, and alkenes were successful in providing monolayer level deposition. 
The method was extended to ethynyl cobaltocenium, 4, para-nitro phenylacetylene, a 
ruthenocene complex, 28, and 5,10,15,20-(4-ethynylphenyl) porphyrin (Et-TPP). The 
efficient zinc metallation of the porphyrin was performed at the electrode surface to form 
a metalloporphyrin electrode (Scheme 8-11). This reaction was confirmed by 
electrochemistry and UV-vis on porphyrin modified ITO slides. 
 
Scheme 8-11 
 The utility of this grafting procedure is its simplicity. The experiments can be 
performed at room temperature, using single-compartment electrochemical cells, and at a 
low concentration of solution analyte. These properties are highly desirable in an 
electrografting procedure.  
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Chapter 9: Significance of Findings 
 New covalent attachment strategies for electrode modification were developed: 
the oxidation of ethynyl-lithium bonds (Chapters 3-6), the spontaneous modification of 
ethynyl-lithium compounds (Chapter 7), and the direct oxidation of terminal alkynes and 
alkenes (Chapter 8). These methods are promising for a wide range of future substrates.  
 An encouraging strategy is to use the three methods in tandem. Starting from a 
solution of an analyte bearing a terminal alkyne in THF/0.1M [Bu4N][PF6] at 0 
o
C, the 
terminal alkyne of the analyte can be directly oxidized at positive potentials to form the 
first modified electrode (1 in Scheme 9-1). Next, the solution can be treated with an 
equivalent of n-BuLi for the in situ lithiation to the ethynyl-lithium compound. If the 
electrode is left standing in this solution for ten minutes the spontaneous attachment for a 
monolayer of the analyte at a second electrode will occur (2). Finally, the solutions can 
be scanned into the ethynyl-lithium bond oxidation to form the third type of modified 
electrode (3).  
 
Scheme 9-1 
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 Using these methods, a large number of ferrocene containing compounds were 
studied at electrode surfaces. Their heterogeneous electrochemistry was compared and 
the link between the ferrocene moiety and the electrode surface was determined to be of 
critical importance. It was found that flexible linkers as in 2, offered superior stability and 
electron transfer properties than rigid substrate-to-electrode linkers such as in 1.
1,2
 These 
effects were manifested in the reduced decomposition of electrodes modified with 2 to 
continuous potential scanning and the sharper peaks or smaller FWHM values of the 
same electrodes. 
 
Scheme 9-2 
 Electrolyte effects were observed at the modified electrodes between the 
traditional electrolyte anion [PF6]
-
 and the weakly coordinating anion, TFAB([B(C6F5)4]
-
) 
(Scheme 9-3). In non-aqueous solutions, the TFAB anion has unique ion pairing effects 
at the electrode surface which shares similarities to studies in aqueous solution on self-
assembled monolayers of ferrocene in the presence of anionic surfactants or hydrophilic 
anions.
3
 Those studies suggest a model for TFAB in non-aqueous environments as a well-
 406 
solvated, bulky, and weakly ion pairing anion leading to reduced anodic current, broader 
peaks, and shifts to more positive potentials for the ferrocene/ferrocenium redox couple. 
 
 
[PF6]
-
     versus                  TFAB    
Scheme 9-3 
 
 Finally, reactions were performed at the surface: acid/base chemistry (Chapter 
5), substitution reactions (Chapter 5 and 6), dimerization (Chapter 8), and the metallation 
of porphyrin modified electrodes (Chapter 8). These reactions were monitored by the 
electrochemical response of the modified electrodes. Additional support for the 
metallation of the porphyrin electrode was obtained with UV-vis spectroscopy on an ITO 
modified slide. The Soret band of the original porphyrin shifts from 432 nm (black 
spectra in Scheme 9-4) to 440 nm after Zn metallation (gray spectra in Scheme 9-4).
4
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Scheme 9-4 
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Chapter 10: Appendix 
10.1 Room Temperature Lithiation Experiments 
 The lithiation of 1 to Li-1 was performed at room temperature (RT) immediately 
after dilution of the n-BuLi in THF at RT. The lithium-ethynyl ferrocene solutions in 
THF were left standing for two minutes prior to addition into their respective one 
compartment cells at RT containing THF/0.1M [Bu4N][PF6], a Pt counter electrode, and a 
silver wire (the silver wire was not coated with AgCl prior to electroanalysis). The 
resulting lithio-solutions were stable under these conditions for several hours/until the 
end of the experiment. 
 Prior to the electrochemistry all electrodes were polished with 1 micron 
diamond paste. The electrodes were sonicated following electrochemistry in Li-1 
solutions in DCM for two minutes. The electrochemistry on the modified electrodes was 
performed with a benchtop potentiostat under ambient conditions in a fresh 
electrochemical solution of DCM/0.1M [Bu4N][PF6]. All electrodes were referenced to 
the internal reference standard decamethyl ferrocene, Fc*, and showed no blockage to 
this solution analyte. The oxidative part of the modified electrode wave was integrated 
(current over time) to give the charge (coulombs).  
 The solutions were tested for their tolerance to applied potential and the 
equivalents of n-BuLi added to lithiate ethynyl ferrocene, 1. The electrodes were scanned 
once to the designated applied potential at a scan rate of 0.2 V/s. The results of these 
experiments are summarized in Figure 10.1. 
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Figure 10.1 Average charge of electrodes scanned in 4.0 mM “Li-1” to various switching potentials and 
equivalents of n-BuLi 
 Each data point is an average of three electrodes tested at those conditions (2 x 
2mm GCE and 1 x 1mm GCE). The charge for the 1mm GCE was multiplied by four to 
account for the different areas of 1mm vs 2mm diameter electrodes. The results of these 
experiments are that scans into the small prewave generally tolerated excess n-BuLi and 
scans to 1.8 V tolerated smaller amounts of n-BuLi better. For reference 1.36 uC is one 
monolayer of ferrocene.
1
 An example electrode modified under constant conditions but 
with varying equivalents of n-BuLi is shown next in Figure 10.2. 
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Figure 10.2 An electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; ν = 1.0 V/s, 2 mm GCE, inset 
picture is the charge for each CV scan versus equivalents of n-BuLi 
 The CVs of the lithio-solution at room temperature differ slightly from the 
solutions at cold temperature. The pre-wave is still apparent; however, the height of the 
pre-wave is diminished even with excess n-BuLi and the follow-up wave for 1 is more 
distorted (Figure 10.3). To note, scans out to more positive potentials capture the 
oxidation of tributyl amine witnessed in earlier experiments formed from the reaction of 
excess n-BuLi with the electrolyte, Ep  = 1.5 V vs Ag/Ag
+ 
(Figure 10.4). 
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Figure 10.3 CVs in 4.0 mM solution of 1 with increasing equivalents of n-BuLi in THF/0.1M [Bu4N][PF6]; 
ν = 0.2 V/s, 1 mm GCE 
 
Figure 10.4 CVs in 4.0 mM solution of 1 with increasing equivalents of n-BuLi in THF/0.1M [Bu4N][PF6]; 
ν = 0.2 V/s, 1 mm GCE 
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 The relevance of these experiments is that electrode modification with ethynyl-
lithium oxidation can be performed readily under non-ideal conditions: room 
temperature, one compartment cell, and a wide-ranging concentration of added n-BuLi. 
The activity of the solutions is less than at cold temperature; nevertheless, the solutions 
were competent at modifying electrodes with a monolayer level of coverage with a single 
CV scan. 
10.2 Experiments with Lithium Electrolytes 
 Early in the ethynyl-lithium electrode modification project tests were performed 
using lithium perchlorate, Li[ClO4], as the electrolyte. This was the electrolyte chosen for 
previous experiments of organo-lithium electrochemistry.
2
 Successful modification was 
observed in these solutions however the abundance of lithium in solution was thought to 
thwart loss of the lithium atom following oxidation at the iron center and more positive 
potentials were necessary to oxidize the ethynyl-lithium bond directly. The results of 
these experiments are summarized in the following figures. 
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Figure 10.5 CVs of 4.0 mM Li-1 and Li-2 in THF/0.2M Li[ClO4]; ν = 0.1 V/s, 2 mm GCE 
 
 
 
Figure 10.6 Effect of Li-1 concentration on the surface coverage of electrodes modified with 1; electrodes 
modified with a single scan at 0.1 V/s to Eapp = ca. 2.4 V vs Ag/AgCl 
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Figure 10.7 Effect of applied potential in a 8.0 mM solutions of Li-1 on the surface coverage of electrodes 
modified with 1; electrodes modified with a single scan at 0.1 V/s to Eapp = “X” V vs Ag/AgCl 
 
 
 
Figure 10.8 Effect of electrolysis time in a 8.0 mM solutions of Li-1 on the surface coverage of electrodes 
modified with 1; electrodes modified with various electrolysis times at an Eapp = 2.5 V vs Ag/AgCl 
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Figure 10.9 CVs of an electrode modified with 2 in DCM/0.1M [Bu4N][PF6]; 2mm GCE, ν = 0.4 V/s 
 The surface coverage of the electrode modified in Figure 10.9 is 2.65 x 10
-10
 
mol/cm
2
. Gold and platinum electrodes were modified with 1 using this procedure,  
Figure 10.10 and Figure 10.11, respectively. An interesting difference in these 
experiments is that the modified electrodes typically had FWHM values close to 90 mV 
for an ideal non-interacting monolayer. FWHM values of 140 mV or more were observed 
in all other electrode modification experiments with ethynyl ferrocene. In addition, the 
potentials of the modified electrodes were slightly greater around 0.17 V vs Fc, this is in 
contrast to the potential of electrodes modified with 1 by ethynyl-lithium oxidation in 
THF/[Bu4N][PF6], 0.10 V, and those from direct ethynyl oxidation in DCM/[Bu4N][PF6], 
-0.01 V. 
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Figure 10.10 CV of an electrode modified with 1 in DCM/0.1M[Bu4N][PF6]; 2mm Au electrode, ν = 0.4 
V/s 
 
Figure 10.11 CV of an electrode modified with 1 in DCM/0.1M [Bu4N][PF6]; 2mm Pt electrode, ν = 0.4 
V/s 
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10.3 Second Oxidation of Decamethyl Ferrocene 
 Shown in Figure 10.12 is the second oxidation of decamethyl ferrocene. 
 
 
Figure 10.12 CV of 1.0 mM decamethyl ferrocene in DCM/0.1M [Bu4N][PF6] at ν = 0.4 V/s; E1/2,1 =  -0.59 
V vs FcH, E1/2,2 = 1.21 V vs FcH 
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Figure 10.13 CVs of 0.5 mM α-BFD and 0.5 mM Fc* in DCM/0.1M [Bu4N][PF6] (black) and 0.05M 
[Bu4N][TFAB] (gray); 2 mm GCE, ν = 0.2 V/s 
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10.4 Crystal Data for 12 
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XYZ Coordinates 
 
Fe       6.571524731      5.345815447      8.159871355 
O        7.983254054      8.275038654      6.499266541 
O        5.795921518      8.776542176      6.783164967 
C        6.792839836      8.198191654      7.144730107 
C        8.010025274      8.956056768      5.206118204 
C        9.429947923      8.683711000      4.706159625 
H        9.562374955      7.716975740      4.610060218 
H       10.076839683      9.040281080      5.350100421 
H        9.559516818      9.118665020      3.837868894 
C        7.039592363      8.326372450      4.280393923 
C        6.321247168      7.800124194      3.510862403 
H        5.706747632      7.432641840      2.932706640 
C        7.437826171      4.040615260      6.888646995 
H        8.415309154      3.956083560      6.697047361 
C        6.725197251      3.341461254      7.832841336 
H        7.106282235      2.674275600      8.473099878 
C        5.417123044      3.728616440      7.773584922 
H        4.684487163      3.387415760      8.361397991 
C        5.273263463      4.647706560      6.801662910 
H        4.415822249      5.085734460      6.530466292 
C        6.522269497      4.859189504      6.212828500 
H        6.723291826      5.465358640      5.442388240 
C        6.878583957      7.330435330      8.325449621 
C        5.741045280      6.943741226      9.100219070 
H        4.805481645      7.277410900      8.983563687 
C        6.180245724      6.002058088     10.064664365 
H        5.601949261      5.539131760     10.735904303 
C        7.565489640      5.799796784      9.887593320 
H        8.132353554      5.167192280     10.414791799 
C        8.017075346      6.608688306      8.814386841 
H        8.953591694      6.670319600      8.469049868 
C        7.783279709     10.460874722      5.365310024 
C        7.249189104     11.200142862      4.318804317 
H        6.948131967     10.755506120      3.534599364 
C        7.149154296     12.582005616      4.406521305 
H        6.772832874     13.073211640      3.685967264 
C        7.589307452     13.246117390      5.527732752 
H        7.538813691     14.193640900      5.577067300 
C        8.108535742     12.516224584      6.584430016 
H        8.402923892     12.965625840      7.367998435 
C        8.202854276     11.128060376      6.506480899 
H        8.557263311     10.637161740      7.237744116 
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10.5 Crystal Data for 29 
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XYZ Coordinates 
 
Fe       6.306296864      2.631082275     -0.683388113 
Fe       3.474555107      5.674886717      9.217690900 
O        5.876860726      4.199480498      2.693401402 
O        6.002828660      5.864566748      1.158995580 
O        3.911963899      4.787250109      5.627713417 
O        2.668447306      3.086553380      6.467073704 
C        6.288249674      4.748359426      1.508578057 
C        3.023810240      4.236791274      6.501315927 
C        4.959715597      5.002115731      3.481550951 
C        4.318279340      3.954753470      4.503568298 
C        3.147023984      3.831578405      3.523376516 
C        3.587694316      5.041488646      2.790546891 
C        4.318279340      3.112518598     -0.753795149 
H        3.855865406      3.779547224     -0.169955261 
C        4.479181995      1.728836610     -0.473066462 
H        4.149404032      1.251488858      0.342049338 
C        5.196720858      1.142345355     -1.555170206 
H        5.460543228      0.180489170     -1.635142917 
C        5.488809910      2.168476959     -2.491624724 
H        5.988187968      2.056251526     -3.350794387 
C        4.938696782      3.387257889     -1.998156278 
H        4.985807919      4.279036689     -2.449017997 
C        7.113056973      3.789541398      0.767848562 
C        7.317446831      2.398081811      1.070830232 
H        6.991292803      1.913466844      1.882352243 
C        8.078472898      1.839556136      0.003120680 
H        8.361864510      0.883491580     -0.075658427 
C        8.339396121      2.867338533     -0.946035181 
H        8.832251098      2.751644046     -1.808668197 
C        7.745071002      4.075064792     -0.487243532 
H        7.764640244      4.959734401     -0.953229925 
C        5.504030432      5.793027916      9.304474553 
H        6.103429058      6.192220876      8.610940834 
C        5.094525929      4.435678421      9.378998603 
H        5.343852564      3.713641519      8.733689861 
C        4.257397255      4.281057174     10.509469884 
H        3.813102989      3.434817015     10.802624087 
C        4.146504885      5.546163040     11.144172911 
H        3.613786638      5.745798056     11.965910408 
C        4.922026687      6.478145769     10.406871724 
H        5.034368630      7.448696247     10.621687675 
C        2.547625358      5.241586440      7.466436385 
C        2.874504173      6.638170702      7.522775865 
H        3.461581425      7.135688619      6.883898495 
C        2.200452514      7.184330747      8.653551504 
H        2.247563651      8.134372261      8.959808979 
C        1.478564930      6.136440123      9.295595010 
H        0.932800522      6.228978731     10.129133131 
C        1.685129148      4.933329453      8.568724739 
H        1.300992181      4.036101088      8.786972654 
C        5.654061285      6.188379965      4.092490537 
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C        6.990568016      6.069629828      4.483226988 
H        7.468927258      5.272219209      4.288251964 
C        7.624756405      7.104846177      5.151348782 
H        8.535088539      7.016187762      5.407442943 
C        6.933309864      8.269337199      5.447047006 
H        7.366007542      8.975224537      5.913048130 
C        5.607674934      8.401500332      5.059741895 
H        5.135113986      9.201534665      5.256290581 
C        4.966963464      7.366665984      4.384143748 
H        4.058805691      7.463758437      4.121345248 
C        5.190922564      2.806562615      4.927594103 
C        5.196720858      1.598097191      4.227561728 
H        4.594423085      1.464690710      3.506478814 
C        6.087483750      0.588013200      4.588137932 
H        6.088933323     -0.232917785      4.110357404 
C        6.971723561      0.773519942      5.639499654 
H        7.572571761      0.079633805      5.883938105 
C        6.976072281      1.972554442      6.333883720 
H        7.581269201      2.101432524      7.053328945 
C        6.094006830      2.985597419      5.976086030 
H        6.106328205      3.808547125      6.450811167 
C        2.172910618      2.943386523      3.379725717 
H        1.393892121      2.835406764      2.794240274 
H        2.180292660      2.075334758      3.835107214 
C        3.022360666      5.873038819      1.917701138 
H        2.300142165      5.793402315      1.259927195 
H        3.245446370      6.806132519      1.716417699 
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10.6 Crystal Data for 15-SbCl6 
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XYZ Coordinates 
Sb       4.068334888      7.081390700     -0.634266561 
Fe       3.532026645      1.230105100     -1.075361253 
Cl       2.628832152      8.827867800     -1.338864789 
Cl       5.500437583      5.337472200      0.078319884 
Cl       4.446775588      8.222526300      1.406264502 
Cl       2.202615749      5.999568100      0.341653408 
Cl       3.656009790      5.955606700     -2.656631130 
Cl       5.877580030      8.236598600     -1.601036800 
C        1.952572254      0.407050000      0.018543983 
C        1.860396303      1.856148000      0.005252347 
C        3.207982739      0.079084000      0.642147855 
C        4.639955608      2.388802000     -2.381342118 
C        3.048297641      2.402758000      0.597406125 
C        3.871389934      1.295582000      0.998187518 
C        3.349492297      0.640813000     -3.046142624 
C        3.396229399      2.061999000     -2.959566713 
C        5.344906894      1.201379000     -2.116833290 
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O        0.149299075      1.913135000     -1.633962561 
C        0.725723331      2.671411000     -0.542123389 
C        4.536095382      0.118626000     -2.521582232 
C       -0.293405139      3.807662000     -3.054097332 
C       -0.886706682      2.642336000     -2.319494928 
C        0.157088592      4.748529000     -3.617978643 
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